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ABSTRACT
The objective of this document is to design high-performance fiber-reinforced selfconsolidating concrete (FR-SCC) for infrastructure repair and fiber-reinforced superworkable concrete (FR-SWC) for bridge construction. The investigated fibers included
propylene synthetic fibers, hooked steel fibers, double and triple hooked steel fibers, hybrid
crimped steel fiber and polypropylene multifilament fibers, and micro-macro steel fibers.
The fiber volume varied between 0 and 0.75%. An expansive agent (EA) was incorporated
to compensate for shrinkage and induce compression in the concrete at early age. Two
types of EA (G and K) were employed at 0 to 8%, by mass of binder. The investigated FRSCC and FR-SWC mixtures achieved excellent passing ability and stability. Compared to
non-fibrous mixtures, the optimized mixtures exhibited 30% and 110% increase in
compressive and splitting tensile strengths, respectively, and developed high toughness.
The combined use of EA and fibers led to a synergetic effect of increasing the resistance
to restrained shrinkage cracking. Low cracking potential was observed for mixtures made
with steel fibers combined with EA compared to high cracking potential in case of nonfibrous SCC. The optimized FR-SWC mixture, with some adjustments to reduce fluidity,
was successfully used for the re-decking of a bridge in Missouri. The concrete exhibited
high workability and was easily pumped, consolidated, and finished. After 18 months, no
signs of cracking were observed in the deck, except for hairline cracks near the intermediate
bent. The high-performance fibrous concrete can provide cost saving of up to 55% in areas
with high traffic volume but limited savings in the low traffic volume areas.
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1.1

INTRODUCTION

PROBLEM STATEMENT
Maintenance and construction costs associated with infrastructure are expected to

be higher in coming years. The rising cost of materials and labor, as well as the demand
for quicker development have provoked improvement of cheaper and quicker choices to
customary building methods. Self-consolidating concrete (SCC) is a high-performance
concrete characterized by its ability to flow without segregation under its own weight and
minimum risk of segregation. The use of SCC can reduce cost and accelerate construction
and repair operations, which can result in greater safety on job sites.
In repair applications, SCC has proven to be beneficial in facilitation of the repair
operations, especially hard-to-reach and congested areas. The first documented case study
involving the use of SCC in repair operations involved the rehabilitation of a parking
garage in downtown Sherbrooke, Québec, in 1996 [2]. SCC was used for the repair of the
bottom and vertical sides of 6.5-m long beam exhibiting advanced corrosion damage
situated under an expansion joint at the entrance to the parking structure. The repair section
contained longitudinal reinforcing bars and stirrups anchored into the existing concrete that
presented serious obstacles for the spread of fresh concrete. Such section is typically
repaired using shotcrete or cast-in place concrete. The concrete was cast from two 100mm diameter hole drilled from the upper deck of the beam along the outer length of the
beam between the existing concrete and formwork. SCC was shown to flow under its own
weight along the highly restricted section and around the vertical side to fill the opposite
side of the formwork through narrow spacing [2, 3].
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As in other repair applications, repair sections made with concrete are prone to
cracking due to restrained shrinkage. Recently, fiber reinforcement has been used in SCC
to control cracking and increase tensile and flexural strength [4]. Fiber-reinforced selfconsolidating concrete (FR-SCC) combines the benefits of SCC in the fresh state and
shows an improved performance in the hardened state compared with conventional
concrete (CVC) due to the addition of the fibers. FR-SCC was used in the rehabilitation of
the Jarry/Querbes Underpass in Montreal in 2003. The structural elements of the underpass
had undergone severe degradation. Major repair works consisted of reconstructing the
pavement and sidewalks, and conducting partial repair of the 262-m long retaining walls,
central piers as well as the soffit of the railway bridge. For the retaining walls on both sides
of the underpass, a total of 32 panels were cast, with 29 panels with FR-SCC. The use of
synthetic structural fibers was beneficial in obtaining small and finely distributed surface
cracking [4]. This project was done successfully and the final aspect was pleasing.
The incorporation of expansive agent (EA), such as a Type-G EA based on CaO or
MgO, can decrease shrinkage. The use of fibers in combination with EA can significantly
decrease the cracking potential of FR-SCC and FR-SWC [5]. Kassimi and Khayat [6]
studied the effect of EA and shrinkage reducing admixtures (SRA) on the workability and
cracking potential of FR-SCC. The EA and SRA were incorporated at dosages of 6% and
2%, by mass of binder, respectively. Two different types of fibers were investigated at fiber
volume (Vf ) of 0.5% for the FR-SCC mixtures; a 50-mm kinked multifilament synthetic
fiber (MU-S) and a 30-mm hooked-end steel fiber (ST). The use of FR-SCC was shown to
increase the time to cracking and reduce the crack width determined using the ring test
(ASTM C 1581). A synergetic effect between the fibers and EA and/or SRA was reported
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for the FR-SCC. The ST fibers had better performance compared to the MU-S, and the EA
was better compared to SRA in terms of time-to-cracking and crack width. The best results
were obtained when the ST fiber was added with the EA, which provided the lowest
cracking potential and the smallest crack width that appeared after 36 days.
Super-workable concrete (SWC) refers to concrete with higher workability than
conventional high-performance concrete (HPC) that requires limited mechanical
consolidation to ensure proper filling of the formwork. SWC can be used for infrastructure
construction and can have slump flow values of 400-550 mm and considerably lower (up
to 65%) mechanical consolidation energy compared to conventional HPC to achieve proper
compressive strength [7]. Given its lower binder content, which can be limited to 400
kg/m3, SWC can have a lower paste content compared to SCC, hence reducing shrinkage
and the risk of cracking.
Deterioration of reinforced concrete elements accounts for substantial costs on
bridge maintenance, repair or replacement. The more life time bridges can be designed to
function, the less life cycle cost can be obtained. With the growing need to produce crackfree concrete to enhance durability and service life, FR-SWC has been proposed as a novel
material for the construction of critical infrastructure [7]. Similarly, FR-SCC has been used
in repair of damaged concrete elements. Limited information is available on the effect of
fiber type and volume coupled with the use of EA on FRC with adapted rheology, which
includes FR-SCC and FR-SWC.
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1.2

RESEARCH OBJECTIVES
The primary objective of this dissertation is to design fiber-reinforced self-

consolidating concrete (FR-SCC) for infrastructure repair and fiber-reinforced superworkable concrete (FR-SWC) for bridge construction. The specific objectives of this
dissertation are described as follows:
1. Optimize mixture design for fiber-reinforced concrete (FRC) with adopted
rheology that includes FR-SCC and FR-SWC, made with different types and
dosages of EA based on shrinkage behavior and cracking potential as well as
workability and mechanical properties.
2. Study the effect of fiber characteristics that includes different types and volumes,
on:
i.

Workability and rheological properties of FR-SCC and FR-SWC

ii.

Mechanical properties and frost durability of FR-SCC and FR-SWC

iii.

Shrinkage behavior and cracking potential of FR-SCC and FR-SWC

iv.

Structural performance of FR-SCC and FR-SWC as a construction material.

3. Investigate the effect of fiber characteristics structural performance of FR-SCC as
a repair material.
4. Quantify the effect of fiber characteristics that includes different types and
volumes, on the flexural steel-reinforcement demand of FR-SWC beams.
5. Field implementation and life cycle-cost analysis of FRC in bridge structures.
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1.3

OUTLINE OF THE DISSERTATION
This dissertation consists of twelve sections. A brief summary of the objective and

scope of each section is offered below:
Section 2 reviews the current state-of-the-art on the relevant topics such as the
effect of fibers on cracking resistance and enhance mechanical properties, role of EA on
shrinkage control, the combined effect of SCMs and EA and of EA and fibers on
performance of flowable concrete.
Section 3 summarizes the material properties used in the study as well as the scope
of the research and test methods.
Section 4 optimizes the binder paste content and composition for FR-SCC and FRSWC based on shrinkage performance, workability, and mechanical properties.
Section 5 studies the influence of fiber type and volume on the workability and
rheological properties of FR-SCC and FR-SWC targeted for infrastructure construction and
repair, respectively, was investigated. The fibers included propylene synthetic fibers,
hooked steel fibers of two separate lengths, double and triple hooked steel fibers, hybrid
fiber containing crimped steel fiber and polypropylene multifilament fiber, as well as
micro-macro steel fibers. All seven fiber types were investigated for the FR-SWC
compared to four fiber types for the FR-SCC. Fiber volume was fixed at 0.5% for the FRSCC mixtures and varied between 0.5% and 0.75% for the FR-SWC. Type-G expansive
agent was consistently incorporated at medium dosage to reduce shrinkage. The mixtures
were tested to evaluate deformability, passing ability, and stability, and a ConTec 5
rheometer was used to measure rheological properties.
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Section 6 compares the performance enhancement in mechanical properties and
durability that can be obtained when using different types and combinations of fibers and
EA in FR-SCC and FR-SWC. The investigated parameters are the same as Section 5.
Section 7 investigates the combined effect of expansive agent and steel fibers type
and dosage on the shrinkage and cracking resistance of FR-SCC and FR-SWC targeted for
infrastructure construction and repair, respectively. The investigated parameters are the
same as Section 5.
Section 8 explores the influence of different types of fibers on the flexural response
and to develop FR-SCC mixtures targeted for the use in repair applications. The optimized
FR-SCC mixtures were used in the repair of full-scale reinforced concrete beams. In total,
10 repaired beams measuring 300 × 200 × 2400 mm (b×h×L) were prepared. These beams
were cast in two layers to simulate repaired structural elements. The concrete used for
casting the repaired part was either SCC or FR-SCC. The parameters taken into account in
this part of the study were the fiber type: one hybrid, and two steel fiber types; fiber volume:
0 and 0.5%; Expansive agent: 0%, 4% G-Type.
Section 9 discusses the influence of fibers typ and volume on the flexural response
of full-scale beams made with FR-CVC, FR-SCC, and FR-SWC mixtures targeted for
construction applications. Again four-point bending test was used. The parameters taken
into account were the fiber type: a synthetic, a hybrid, and three steel fibers; fibers were
employed at Vf of 0.5% and 0.75%; Type-G EA was incorporated at dosage of 0% and 4%.
In total, 30 monolithic beams measuring 300 × 200 × 2400 mm (b×h×L) were prepared.
Section 10 elucidates the effect of fiber type on flexural strength, flexural
toughness, and cracking resistance of FR-SWC compared to non-fibrous SWC beams.
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Thirteen steel-reinforced beams were cast using SWC and two different FR-SWC. First
FR-SWC was made with 0.5% fiber volume of a combination between a hooked end macro
and micro steel fibers measuring 30 and 13 mm in length, respectively (STST). Second
FR-SWC was made using 0.5% fiber volume of a triple hooked end steel fiber measuring
65 mm in length (5D). Five different bottom rebar densities were included in this study
ranging between 1665 and 3410 cm2.
Section 11 presents the results of a field implementation involving the use of highperformance FRC with adopted rheology for re- decking of a bridge near Taos, Missouri.
Section 12 summarizes the main conclusions of the investigation, and offer
perspectives for future studies.
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2.1

LITERATURE REVIEW

GENERAL
Reducing the micro cracks in concrete, which increases its strength is achieved by

adding fibers to different types of concrete. One of the main advantages of using fibers is
the partially or even completely substituting the traditional welded wire mesh
reinforcement (such as shear reinforcement in beams and roof elements). This reduces the
needs for manufacturing, detailing and placing the reinforcement cages and results in
improved production efficiency. Furthermore, the element thickness and the structure selfweight can be also reduced, since minimum cover requirements do not hold any more. The
major advantage of adding fibers into concrete is the achievement of a randomly uniform
dispersion of fibers within structural elements. It has also been recently recognized that,
through a suitably balanced performance of the fluid mixture fibers can be effectively
aligned along the casting-flow direction [8].
Brief description of previous work performed by different researchers is
summarized in this section. The first section addresses the literature related to the materials
used for fiber-reinforced self-consolidated concrete (FRSCC). The second one addresses
the literature related to the mixture proportioning of FRSCC. The third one addresses the
literature related to the different test methods used for FRSCC. The fourth one addresses
the literature related to fiber monitoring in FRSCC. The fifth one addresses the literature
related to the rheology of FRSCC. Section number six addresses the literature related to
the mechanical properties of FRSCC. Section number seven addresses the literature related
to the shrinkage behavior of FRSCC. Section number eight addresses the literature related
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to the durability of FRSCC. Section number nine addresses the literature related to the
structural performance of FRSCC.

2.2

MATERIALS USED FOR FIBER-REINFORCED SELF-CONSOLIDATED
CONCRETE
2.2.1

Aggregates. Aggregates used in concrete is divided generally into three

categories upon the maximum size of the aggregate; coarse aggregate are those particles
with maximum size more than 4.75 mm, fine aggregate are those particles with maximum
size between 4.75 mm and 0.075 mm, fines are those particles with maximum size less
than 0.075 mm.
2.2.1.1 Coarse aggregates. Three categories of maximum size of aggregate are
specified by the Japanese Architecture Society [9]: 15, 20 and 25 mm. 20 mm is the most
commonly used size. It is suggested that the content of coarse aggregates should be around
50% of the dry packed unit weight (JIS A1104, ASTM C29) [10]. In self consolidated
concrete the most commonly used size of aggregates is in range of 10 mm up to 20 mm.
Domone [11] analyzed 68 case studies of applications of self-compacting concrete
(SCC), these mixes were done in the period between 1993 and 2003. Domone found that
70% of the cases used aggregates of a maximum size between 16-20mm, while 15% of the
cases used aggregates of a maximum size between 10-15mm and only few cases (six cases
out of 68) used aggregates larger than 20 mm with SCC. He also found that crushed rock
was used more than the gravel (uncrushed) aggregates (almost three times), and the
lightweight aggregate was rarely used (only two cases out of 68). He also found that 80%
of those cases had coarse aggregate content in the range of 770-925 kg/m3.
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Funk and Dinger [12] proposed the following grading curve for the coarse
aggregates:
'

& ' (&)*+

𝑃(𝑑) = &'

'
),- (&)*+

(2-1)

where 𝑃(𝑑) is the cumulative passing fraction at a sieve with opening 𝑑, the maximum
aggregate diameter is 𝑑./0 and 𝑑.12 = 0.075 𝑚𝑚, which is the minimum sieve diameter
used for the particle size analysis. Brouwers and Radix [13] claimed that 𝑞 = 0.25 is the
best value to get the actual distribution of the all solids in SCC including binder materials,
where 𝑑.12 = 0.5 𝜇𝑚 is assumed. Fuller and Thompson [14] argued that 𝑞 = 0.5 in
Equation 2-1 gives the best graduation and by assuming that 𝑑.12 = 0 gives back Fuller
curve equation mentioned bellow.
𝑃(𝑑) = <&

&
),-

(2-2)

Ferrara et al., [15] mentioned that for mix-design of fiber-reinforced selfconsolidated concrete (FRSCC) the optimization of both aggregates and fibers and the
optimization of binders on the other hand each is done separately so, value of 𝑞 = 0.5 will
be a reasonable choice.
2.2.1.2 Fine aggregates. Fine aggregates help in the mobility of the mixture as well
as resist the segregation of concrete. Sugár and Takács [16] investigated the effect of sand
content in SCC on its fresh and hardened properties; they used limestone powder as the
fine aggregates with four percentages: 35%, 40%, 45% and 50% of the total weight of the
aggregates.
They found that the sand percentage is inversely proportional to the density of fresh
concrete, which means higher air content, and less compressive strength. On the other hand,
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enhancement in the fresh properties was observed by increasing percentage of sand in terms
of flow ability, passing ability as well as stability (less segregation was observed). They
recommended the percentage of sand to be 50% or more. SU et al., [10] recommended that
percentage to be in between 50% to 57% for SCC.
Pereira et al., [17] investigated the most appropriate proportions of three types of
aggregates; fine river sand (FS), coarse river sand (CS), and crushed granite 5-12 mm (CG).
Some mixes containing different quantities of each type of aggregate were prepared each
containing a constant steel fiber content of 30 kg/m3 (DRAMIX RC-80/60-BN hooked end
steel fibers from Bekaert). He assumed that the most optimum mixture is the heaviest one
because it corresponds to the most compact. The results showed that the best combination
is 49.5% of CS, 40.5% of CG, and 10% of FS, in other words 50.5% sand and 49.5% coarse
aggregates.
Domone found in the 68 analyzed cases that 80% of the mortar composition in
terms of volume percentage of fine aggregates is between 41% and 52%. Okamura and
Ozawa [18] recommended a value of 40% for robust and safe SCC mixes.
2.2.1.3 Fines. Kwan et al., [19] found that under wet condition, the highest packing
density generally will take place when the fines content is about 15%, but on the other hand
the higher fines content the more total specific surface area of aggregates to be coated with
cement paste, that’s why the final effect of fines content should be positive or negative and
more research is undergoing in this field.
2.2.2

Binders. Binders can be generally divided into three major groups; Cement

with all its different types (Type I, II, III, IV and V), supplementary cementitious materials
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(fly ash, silica fumes, metakoline, lime stone filler and granulated blast furnace slag) and
non-cementitious materials like expansive agents.
Domone found in the 68 analyzed cases that 80% of the powder contents (binders)
were in the range 445-605 kg/m3. He found also that almost all of the cases used either
binary or ternary cement blend of Portland cement with or without other additions.
Limestone was the most common addition (41% of the total cases).
2.2.2.1 Cement. Yodsudjai and Wang [20] tested five different pastes made with
different types of cement (Type I, I/II, II, IV and IP) for chemical shrinkage using ASTM
C 1608, where the water cement ratio for the five pastes was 0.4. The shrinkage for 7 hours,
24 hours, 7 days and 28 days was observed for each of the five pastes. Types I, I/II, II, and
IV were tested according to ASTM C 150/C 150M, while one blended cement Type IP was
tested according to ASTM C 595/C 595M. Figure 2-1 shows that the chemical shrinkage
values of pastes made with Types I, I/II, and II cements at 24 h are only 45–50% of those
at 28 days, and it is only about 30% for the paste made with Type IV cement.
2.2.2.2 Supplementary Cementitious Materials (SCM). El-Chabib and Syed [21]
developed a total of 20 concrete mixes mixtures were made using up to 70% Portland cement
replacement by supplementary cementitious materials; class C and class F fly ash, slag, and

silica fume.
They tested their concrete for flow ability, passing ability, stability, permeability,
unrestrained shrinkage as well as compressive strength and splitting tensile strength. Their
results generally showed that a high-performance self-consolidating concrete could be
developed using binary, ternary, or quaternary binders with up to 70% of cement replaced
by fly ash, slag, and/or silica fume.
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Figure 2-1: Chemical shrinkage at different ages [20].

They found that: (1) Up to 70% SCM can be used SCC as partial replacement of
cement and the produced concrete still workable, durable and strong. (2) Self consolidated
concrete made with 70% slag and 30% cement exhibit better fresh performance as well as
higher early compressive strength compared to SCC made with only cement. (3) Using
high percentages of fly ash as a replacement of cement in SCC enhances the workability
and the late compressive strength (4) As shown in Figure 2-2 using up to 10% silica fume
in the ternary and quaternary blends enhance the compressive strength of the SCC but
reduce its workability (5) Adding high contents of SCM to SCC in general, reduces
permeability as well as unrestrained shrinkage.
Khatib [22] investigated the influence of including fly ash (FA) on the properties
of SCC. He used fly ash (EN 450) as a replacement for Portland cement by 0-80%, he also
used a constant water to binder ratio of 0.36.
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Figure 2-2: Compressive strength of SCC made with high contents of fly ash (FA) and
slag (SL) [21].

The investigated properties included workability, compressive strength, absorption
and shrinkage as well as ultrasonic pulse velocity. He found that: (1) as shown in Figure 23 using high percentage of FA up to 60% could produce SCC with strength as high as 40
N/mm2 (2) as shown in Figure 2-4 the absorption of the SCC increase with the increase in
FA content, but even with 80% FA absorption values of SCC is below 2% at 56 days of
curing (3) as shown in Figure 2-4 increasing the amount of FA in SCC reduce the drying
shrinkage and a linear relationship was obtained by the author between the FA content and
the shrinkage of SCC, as shown in Figures 2-5 and 2-6. Replacing cement with 80% FA
can reduce the shrinkage by two third.

15

Figure 2-3: Influence of FA content on compressive strength [22].

Figure 2-4: Influence of FA content on absorption [22].
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Figure 2-5: Influence of FA on shrinkage [22].

Figure 2-6: Shrinkage versus FA content at 56 days curing [22].
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2.2.2.3 Expansive agent. EA can include two groups depending on the mechanism
of the chemical reaction:
•

Group one are EA that produce hydroxides upon their reaction with water
like the CaO-based expansive agent or the MgO-based expansive agent,
which produce calcium hydroxide or magnesium hydroxide, respectively
upon reacting with water. Expansion produced is about two times in volume
and the expansion takes place within approximately two days.

•

Group two are expansive agents that produce ettringite upon their reaction
with water like calcium sulfoaluminate-based expansive agent. Expansion
produced is about three times in volume and the expansion takes place
within approximately seven days.

2.2.3

Fibers. Many types of fibers can be used with SCC in order to enhance the

shrinkage resistance, reduce cracking of concrete, and increase the tensile resistance as
well as increasing concrete ductility. These types of fibers can be divided upon their
material into Steel fibers, polymeric fibers, carbon fibers and natural fibers, they can also
be divided upon their size into macro and micro fibers. The concrete can be made using
only one type of fibers or more than one type (hybrid fibers).
2.2.3.1 Steel fibers. Steel fibers can be found in different shapes either straight or
crimpled or hooked-end, the hook may be single (3D-fiber) or double (4D-fiber) or triple
(5D-fiber). Figure 2-7 shows different types of steel fibers: crimpled, 3D-hookedend, 4Dhookedend, 5D-hookedend as well as micro and macro straight steel fibers.
The steel fiber length is varied from 5 to 60 mm and aspect ratios lf/df, where df is
the diameter of the fiber cross-section, from 20 to more than 100. The employed dosage of
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fibers varied, depending on the application, from 23-157 kg/m3 (0.25-2% by volume of
concrete).

Figure 2-7: Different types of steel fibers; macro straight, crimpled, 3D-hookedend, 4Dhookedend, 5D-hookedend and micro straight fibers (from left to right).

2.2.3.2 Polymeric (syntactic) fibers. As shown in Figure 2-8, Polymeric fibers
can be produced from different materials: Poly vinyl alcohol fiber, nylon fibers or
Polypropylene fibers. These polymeric fibers can be produced as monofilament or
multifilament and can these fibers can be produced as a strand or singles. These fibers can
be micro or macro fibers. The lengths of macro syntactic fibers are between 25 and 54 mm.
These fibers can be used either alone or in combination with steel fibers.
The employed dosage of fibers varied, depending on the application, from 2.3-9
kg/m3 (0.25-1% by volume of concrete). The use of shorter polypropylene fibers to
purposes other than avoiding explosive spalling under fire and high temperatures has been
investigated only in very recent studies, even in combination with lightweight aggregates
[23, 24] .

Figure 2-8: Different types of syntactic fibers; polypropylene micro, polypropylene
macro, polypropylene macro strand, nylon micro, poly (from left to right).
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2.2.4

Admixtures. Admixtures usually added to concrete mixtures to increase

fluidity, stability or to entrain air.
2.2.4.1 Superplastizers (SP). Superplastizers (SP) or high range water reducing
admixtures (HRWRA) affect the interparticle forces (increase electrostatic repulsion and /
or steric hindrance) and disperse the cementitious particles. This mainly leads to a decrease
in yield stress. Superplastizers can reduce water demand up to 40%, can significantly
increase the slump flow of concrete as well as a necessary component in high performance
concrete with very low w/c. Domone found in the 68 analyzed cases that all the mixes
included superplasticizer. The use of polycarboxylic acid-based materials were more than
other materials.
2.2.4.2 Viscosity Modifying Agent (VMA). Viscosity modifying agent (VMA),
viscosity enhancing agent (VEA) or anti-washout admixtures increases the viscosity of the
water (by adding polymers, swelling), which should be proportionally reflected in the
increase in viscosity of paste, mortar and concrete. VMA increase stability of concrete and
reduce cement and fines washout in case of under-water concrete.
Domone found in the 68 analyzed cases that in 50% of the cases a viscosity-modifying
agent of some form was used. The reasons given were to provide stability and/or reduce
sensitivity of the mix to variations in materials during production.
2.2.4.3 Air Entraining Agents (AEA). Air entraining agents AEA forms air
bubbles inside the paste, attract cement particles near the water-air interface forming larger
concentration of cement particles around air bubbles and increase the yield stress but
decrease the viscosity due to their deformability. AEA are mostly added to enhance the
frost resistance of concrete.
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Domone found in the 68 analyzed cases that in almost 50% of the cases an airentraining agent was used sometimes it was used to provide freeze–thaw resistance or to
enhance the rheology.

2.3

MIXTURE PROPORTIONING OF FIBER-REINFORCED SELFCONSOLIDATED CONCRETE
SU et al., (2001) [10] proposes a mix design method for self-compacting concrete

(SCC) in simple steps; (1) The amount of required aggregates is first determined (2)
calculation of Cement content (3) calculation of mixing water content required by cement
(4) calculation of SCM required (5) calculation of mixing water content needed in SCC (6)
calculation of SP dosage (7) adjustment of mixing water content needed in SCC (8) trial
mixes and tests on SCC properties (9) adjustment of mix proportion.
1) Calculation of the amount of required aggregates
The content of coarse and fine aggregates can be calculated as follows:
E

𝑊> = 𝑃𝐹 × 𝑊>A B1 − /F
E

𝑊G = 𝑃𝐹 × 𝑊GA × /

(2-3)
(2-4)

where 𝑊> : content of coarse aggregates in SCC (kg/m3), 𝑊G : content of fine aggregates in
SCC (kg/m3), 𝑊>A : unit volume mass of loosely piled saturated surface-dry coarse
aggregates in air (kg/m3), 𝑊GA : unit volume mass of loosely piled saturated surface-dry fine
aggregates in air (kg/m3), PF: packing factor, the ratio of mass of aggregates of tightly
packed state in SCC to that of loosely packed state in air; S/a: volume ratio of fine
aggregates to total aggregates, which ranges from 50% to 57%.
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2) Calculation of cement content
They mentioned that HPC and SCC used in Taiwan provides a compressive strength
of 20 psi (0.14 MPa)/kg cement. Therefore, the cement content to be used is:
HI

𝑊G = KLJ

(2-5)

where C: cement content (kg/m3), 𝑓IN : designed compressive strength (psi).
3) Calculation of mixing water required by cement
P

𝑊ON = B Q F

(2-6)

where 𝑊ON : content of mixing water content required by cement (kg/m3), W/C: the
water/cement ratio by weight, which can be determined by compressive strength.
4) Calculation of fly ash (FA) and ground granulated blast-furnace slag (GGBS)
contents
The volume of the fly ash paste (𝑉SH ) plus the volume of the GGBS paste (𝑉ST ) can
be calculated as:
𝑉SH + 𝑉ST = 1 − V

PW

XLLL×YW

P

Q

P

[
F−B
F − B ]\ F − 𝑉/
Z − BXLLL×Y
XLLL×Y
XLLL×Y
[

\

(2-7)

]

where Gg: specific gravity of coarse aggregates, Gs: specific gravity of fine aggregates, Gc:
specific gravity of cement, Gw: specific gravity of water, Va: air content in SCC (%).
The total amount of Pozzolanic materials (GGBS and FA) in SCC is Wpm (kg/m3), where
the percentage of FA is A% and the percentage of GGBS is B% by weight. Wpm (kg/m3)
can be calculated from Equation (2-8) if 𝑉SH + 𝑉ST is known from Equation (2-7).
P

P

P

P

a)
a)
𝑉SH + 𝑉ST = B1 + ^ F × A% × XLLL×Y
+ B1 + ^ F × B% × XLLL×Y
b

d

(2-8)
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Wf (FA content in SCC, Kg/m3) and WB (GGBS content in SCC, Kg/m3) can be
calculated using Equation (2-9) and (2-10).
𝑊H = A% × 𝑊S.

(2-9)

𝑊T = G% × 𝑊S.

(2-10)

Mixing water content required by FA paste can be calculated using Equation (2-11)
P

𝑊OH = B ^ F 𝑊H

(2-11)

Mixing water required by GGBS paste can be calculated using Equation (2-12)
P

𝑊OH = B E F 𝑊T

(2-12)

5) Calculation of mixing water content needed in SCC
The mixing water content required by SCC is that the total amount of water needed
for cement, FA and GGBS in mixing. It can be calculated using Equation (2-13)
𝑊O = 𝑊ON + 𝑊OH + 𝑊OT

(2-13)

6) Calculation of SP dosage
The dosage of SP used is equal to n% of the amount of binders and its solid content
of SP is m%. The SP dosage can be calculated using Equation (2-14)
𝑊GS = n% (C + 𝑊H + 𝑊T )

(2-14)

The water content in SP can be calculated using Equation (2-15)
𝑊PGS = (1 − m%) 𝑊GS

(2-15)

7) Adjustment of mixing water content needed in SCC
The mixing water is adjusted according to the moisture content of the fine and coarse
aggregate as well as the water content in SP.
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8) Trial mixes and tests on SCC properties
Trial mixes should be performed and SCC should be tested for all fresh properties
regarding flow ability, passing ability and stability.
Voigt et al., [25] proposed a formula for calculating the average thickness of the
matrix layer (tm) enveloping fibers and gravel particles on the basis of the multi-aspect
concept. The multi-aspect concept accounts for all factors that affect the performance of a
cementitious composite. In the multi-aspect concept, the composite is considered a twophase material. The first phase creates the skeleton of the composite. The second phase
fills all voids and covers all constituents of the first phase. Then an average thickness of
the second phase covering all constituents of the first phase can be calculated from the
volume, total surface area, and voids of the first phase. Then they expressed the average
thickness of matrix covering the fibers and the gravel mathematically using Equation (216).
jklm.n kH o0NnGG p/qr10

𝑡. = skq/l EmrH/Nn trn/ kH ^1unrG /2& Yr/vnl

(2-16)

Figure 2-9 shows schematic explanation of multi-aspect concept. They came finally to
Equation (2-17) to calculate the exact matrix thickness tm.
𝑡.krq/r /Hqnr =

jJ (jW (jb (jw
tW xtb

(2-17)

where tm = average thickness of matrix layer cover fibers and gravel; Vc = total volume of
concrete; Vg = volume of gravel; Vf = volume of fibers; Vv = volume of voids; Ag = total
surface area of gravel; and Af = total surface area of fibers. The volume of voids can be
obtained using the packing density of the mixture of gravel and fibers, which can be
determined by ASTM C 29 [22]. The total surface area of fibers is the summation of the
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surface area of all fibers present in the composite. It can be calculated based on the fiber
volume and the surface area of a single fiber. The total surface area of the gravel depends
on the grading curve of the used coarse aggregates. Equation (2-18) and (2-19) (developed
by the author) can be used to calculate the total surface area of the coarse aggregate.
𝐴> = 𝐾𝑉>

(2-18)
%

where 𝐾 = 6 | &W} +
}

%W~
&~

+

%W•
&•

+

%W€
&€

•

(2-19)

where 𝑑X : Diameter of course of first group; %>X : Percentage of course aggregates having
diameter 𝑑X and 𝑑K : Diameter of course of first group; %>K : Percentage of course
aggregates having diameter 𝑑K and so on for 𝑑‚ , 𝑑ƒ , %>‚ and %>ƒ .
Khayat et al., (2014) [26] proposed a mixture-proportioning method proposed for
shrinkage control in fiber-reinforced concrete (FRC) in proportioning fiber-reinforced selfconsolidating concrete (FR-SCC). They considered the multi-aspect concept proposed by
Voigt [25] and they used Equation (2-20) for calculating the thickness of mortar covering
the coarse aggregates and the fibers.
𝑡N. =

jJ (jW (jb (jw
tW xtb

(2-20)

Figure 2-9: Schematic explanation of multi-aspect concept: (a) void content as result of
maximum packing of gravel and fibers (without matrix); (b) distinction between matrix
enveloping fibers and gravel matrix filling voids; and (c) model assumption and thickness
of matrix layer covering fibers and gravel [25].
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The mixture-proportioning method proposed by them includes reducing the volume
of coarse aggregate with the addition of fibers to maintain a fixed thickness of a mortar
layer tcm over the fibers and coarse aggregates. They expressed the total surface area of
fibers (Af) as:
𝐴H =

% H1unr×GSnN1H1N >r/v1q„×GmrH/Nn /rn/ kH G12>ln H1unr
jklm.n kH G12>ln H1unr×GSnN1H1N >r/v1q„

(2-21)

Their final proposed equation for calculating the total surface area of fibers (Af) is:
𝐴H =

ƒ×jb
&b

(2-22)

where 𝑉H is an absolute volume, and not as a ratio. They performed 22 mixtures one plain
SCC without fibers and 21 mixtures of FR-SCC reinforced using three polypropylene
fibers, a hybrid steel-polypropylene fiber, and a steel fiber. The fiber volume ratios varied
between 0.25 and 0.75%. All mixtures had a fixed water-cementitious material ratio (w/c)
of 0.42. The total binder content was kept constant also at 475 kg/m3. The air content was
kept between 5.5 and 7.5% using air entraining admixture (AEA). The values of tcm
calculated from Equation (2-20) are plotted against the fiber factor (VfLf /df) in. Figure 210. Figure 2-11 shows a linear relationship between the fiber factor and the reduction of
coarse aggregate content to maintain a constant tcm value. They concluded that for a given
fiber type, as Vf increases, the value of tcm is maintained by reducing the coarse aggregate
content and adjusting the sand content to maintain similar fluidity of the FR-SCC as that
of the reference SCC as well as other adjustments are also necessary in terms of admixture
dosages, including HRWRA, VMA, and AEA.
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Figure 2-10: Relationship between fiber factor and thickness of covering mortar before
adjustment of mixture proportions (before fixation of tcm) [26].

Figure 2-11: Relative reduction of coarse aggregate versus increase in fiber factor to
maintain initial tcm of SCC mixture [26].

27
Saak et al. [27] developed the “rheology of the paste model” for proportioning SCC.
They derived theoretical equations for a single spherical particle suspended in the fluid
cementitious paste under the assumption that a minimum yield stress and viscosity of the
cement paste, also as a function of the density difference between the particle and the paste
itself, are required in order to avoid segregation under both static and dynamic conditions.
They defined the average diameter (𝑑/v ) of the solid skeleton particles as:
𝑑/v =

∑ * &* . *

(2-23)

∑* . *

where di is the average diameter of aggregate fraction i (defined as the average opening
size of two consecutive sieves) and mi is the mass of that fraction. A minimum volume of
cementitious paste is needed to fill the voids between the aggregate particles and create a
layer enveloping the particles, thick enough to ensure the required deformability and
segregation resistance of concrete. The average aggregate spacing dss, defined as twice the
thickness of the excess paste layer enveloping the aggregates was expressed using Equation
(2-24).
•

𝑑GG = 𝑑/v † <1 + j

ja,[‡ˆ (jw‰*Š

J‰+J‹ˆ‡ˆ (ja,[‡ˆ

− 1Œ

(2-24)

By knowing the desired flow-viscosity ratio and by using chart in Figure 2-12
developed by Saak et al. [27] two limits of 𝑑GG can be determined lower limit that below
it the required workability can not be achieved and upper one that above it segregation will
take place. By choosing a value between the two limits and using equation (2-24) to
calculate the 𝑑/ can be used to get the required 𝑉S/Gqn . Equation (2-25) can be used to
calculate 𝑉/>> .
𝑉Nk2Nrnqn = 𝑉S/Gqn + 𝑉vk1& + 𝑉/>>

(2-25)
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Figure 2-12: Model lines for flow viscosity ratio of experimental data and aggregate
spacing dss (average diameter dav=4.673 mm) [27].

Ferrara et al., [15] extended the rheology of the paste model developed by Saak
[27] to fiber-reinforced concretes where the defined average diameter (𝑑/v ) of the solid
skeleton particles in this type will include the coarse aggregates, the fine aggregates and
the fibers. They defined the average diameter (𝑑/v ) as Equation (2-26).
𝑑/v =

∑* &* .* x&ˆ'•b*Žˆ‹[ .b*Žˆ‹[
∑* .* x.b*Žˆ‹[

(2-26)

where deq-fibers is defined in Equation (2-27), mfibers is the mass of the fibers.
𝑑n•(H1unrG =

‚ Ab

‘b*Žˆ‹[

•b

XxKŠ

b

‘,WW‹ˆW,‡ˆ

(2-27)
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where Lf and df are the length and diameter of the fibers, respectively, γfiber is the specific
weight of fibers and γaggregate is the weighted average specific weight of all the aggregates.
Lf was assumed equal to the developed length in the case of non-straight fibers.

2.4

TEST METHODS AND FRESH PERFORMANCE OF FIBERREINFORCED SELF-CONSOLIDATED CONCRETE
Khayat (1999) [28] mentioned that the workability requirements for successful

placement of SCC necessitate that the concrete exhibits excellent deformability and proper
stability to flow under its own weight through closely spaced reinforcement without
segregation and blockage. Ensuring high stability is important to limit bleeding,
segregation, and surface settlement of concrete after placement and secure uniform
properties of the hardened concrete, including bond to embedded reinforcement. In general,
the SCC exhibits low yield value and adequate cohesiveness (moderate viscosity). In
addition to the slump flow test used to evaluate deformability, the filling capacity or Vfunnel flow test should be used to evaluate the ability to achieve smooth flow through
restricted spacing without blockage.
Figure 2-13 shows a trade-off between fluidity and stability of concrete explained
on a V-funnel test. A short flow out of concrete under its own weight from the funnel outlet
reflects high deformability and good stability and resistance to blockage. When the
concrete is proportioned with a low w/cm and a fixed dosage of HRWR, it can exhibit a
relatively low slump and high viscosity, which results in a high flow time (Point A1). With
the increase in w/cm, the viscosity and segregation resistance decrease and the
deformability increases, resulting in a net reduction in flow time. Further increase in
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deformability does not necessarily secure constant reduction in flow time, since highly
flowable concrete may not possess enough cohesion between the mortar and oarse
aggregate to insure uniform deformation through the tapered outlet. Therefore, because of
the local coagulation of coarse aggregate that can cause blockage, the flow time can
increase despite the higher non-restrained deformability. An optimum point (A2) exists
where a balance between the deformability and stability can lead to the lowest flow time
out for a particular mix. An increase in mortar viscosity, through the use of fine powder or
a VEA, can maintain good suspension of coarse aggregate, and reduce interparticle
collision and coagulation of coarse aggregate. As a result, higher stability can be assured
for a given slump flow, hence securing low flow times at higher slump flow values (Point
B2).
Khayat et. al., (2000) [29] evaluated the suitability of using rheological parameters
calculated using a concrete viscometer, filling capacity test and V-funnel flow test to
assess restricted deformability of FR-SCC and discusses the effect of fiber volume, mixture
proportioning, and consistency on concrete properties. They prepared sixteen mixtures
made with steel fibers measuring 38 mm in length used at dosages of 0, 0.5, and 1%, by
volume. The mixtures were prepared with various types of binary and ternary cementitious
materials and W/CM of 0.37 to 0.45. The higher W/CM mixtures incorporated a viscosityenhancing agent to reduce the risk of segregation. Concrete mixtures with slump flow
consistencies of 650 and 530 mm were prepared, with the latter representing a super
workable (SWC) that would require some consolidation.
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Figure 2-13: Trade-off between fluidity and stability of concrete [28].

Figure 2-14 shows the V-funnel test that was employed to assess the facility of
aggregate particles and mortar to change their flow paths and spread through a restricted
area without blockage. The flow of concrete is noted as the time between the removal of
the outlet and seizure of flow.
Figure 2-15 shows the filling capacity test that was used to determine the facility
of the concrete to deform readily among closely spaced obstacles. The center-to-center
spacing between smooth copper tubes is 50 mm in two directions, resulting in a clear
spacing of 34 mm. The test involves the casting of concrete in the non-reinforced section
at a constant rate up to a height of 220 mm and observing the ease with which the concrete
flows in the restricted region.
They found that the slump flow test and rheological parameters are not sufficient
to evaluate the restricted deformability of FR-SCC. The filling capacity or V-funnel test
should be used to assess workability and blockage resistance. This is especially important
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when the fiber volume increases causing greater hindrance of spreading. For mixtures with
a filling capacity greater than 30%, the filling capacity test becomes more suitable to assess
the restricted deformability than the V-funnel test. For a given slump flow and yield stress
value, the increase in fiber content reduces the filling capacity and increases plastic
viscosity. The relationship between filling capacity on the one hand and yield stress and
slump flow on the other hand is dependent on fiber volume.

Figure 2-14: V-Funnel test used to evaluate flowability through restricted section [29].

Figure 2-15: Schematic of the filling capacity apparatus [29].
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Despite the 38-mm long fibers that are similar in size to the minimum clear spacing
between obstacles of the filling capacity test high deformability was obtained when the
fiber volume was limited to 0.5%. At 1% fiber, the filling capacity was low but still
considerably greater than that of the CONV mixture. With the decrease in fiber length to
ensure compatibility with the narrowest dimension between the various obstacles, the
filling capacity of the FR-SCC with 1% fibers should increase.
Khayat et al., [26] evaluated the workability of FR-SCC. The investigated fibers
included polypropylene, steel, and hybrid fibers of different properties with fiber lengths
of 5 to 50 mm. Fiber volume ranged between 0.25 and 0.75%. The polypropylene fibers
included a straight monofilament fiber (MO-S), a kinked multifilament fiber (MU-S), and
a combined 80% macro-crimped fiber and 20% tissue-based micro-fiber (MI-MA). The
aspect ratios of these fibers are 90, 74, and 84, respectively. Hybrid steel-polypropylene
fibers (ST-PP) with 92 and 8% relative mass and a steel fiber (ST) were also employed.
The aspect ratios of the hybrid and steel fibers are 47 and 55, respectively. Slump flow,
T50 spread time, and visual stability index (VSI) were determined. The passing ability, or
the facility of coarse aggregate particles, fiber inclusions, and mortar to change their flow
paths and spread through a restricted area without blockage, was evaluated using three test
methods that are typically employed to assess the passing ability of SCC: the V-funnel, Lbox, and J-ring tests. The V-funnel test has an outflow opening of 65 x 75 mm (2.56 x 2.95
in.). For the L-box test, a single bar was placed in the middle of the horizontal leg, instead
of three bars that are typically employed for non-fibrous SCC. The blocking ratio (H2/H1)
of the L-box was determined using the H1 and H2 values corresponding to the heights of
the concrete at both ends of the horizontal leg of the device. For testing the FR-SCC, the
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standard J-ring test (ASTM C1621) was modified to increase clearance between adjacent
bars to 105 or 140 mm from the standard value of 42.9 mm (1.69 in.) for 16 bars. The
difference in concrete height between the inner and outer sections of the J-ring (Δh), as
suggested in (ASTM C1621) was used to determine the passing ability of the FR-SCC, as
indicated by Equation (2-28).
∆ℎ = 2(𝑏 − 𝑐) − (𝑎 − 𝑏)

(2-28)

where a, b, and c are the concrete heights at the center, just inside, and just outside the bars,
respectively, in the J-ring device and d is the median height between a and b, as shown in
Figure 2-16.
When the standard J-ring setup was used to evaluate the passing ability of the FRSCC, considerable blockage of the concrete was observed given the limited spacing
between the reinforcing bars. No clear relationship could be established between the J-ring
spread and fiber factor, particularly for mixtures with Vf greater than 0.5%. The test was
then modified to reduce the number of bars in the J-ring from 16 to six or eight bars to
allow a clear spacing between adjacent bars of at least 2.5 times the length of the fibers.
This led to a better comparison of the performance of different fiber types and contents.
When the concrete did not present blockage or segregation, the Δh J-ring passing ability
index calculated according to Equation (2-28) resulted in low values for the modified Jring test. For non-fibrous SCC, this indicates excellent passing ability. This was rather
misleading for FR-SCC, however, where an increase in Vf resulted in some blockage and
increased the difference in concrete height between the center and inside the bars of the Jring, thus reducing the Δh index. It was noted that in most FR-SCC mixtures, the value of
2(b – c) was smaller than the (a – b) value because the inclusion of fibers led to the decrease
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of flow diameter and increase in concrete height at the center. Therefore, the method of
calculation of the difference in concrete height between the inner and outer parts of the Jring was modified to better reflect the passing ability of the FR-SCC, as illustrated in Figure
2-16. The passing ability was evaluated using to Equation (2-28).

Figure 2-16: Diagram of parameters for calculation of J-ring (∆h) value proposed by: (a)
(ASTM C1621); and (b) modified method (Equation (2-28)) [26].

As shown in Figure 2-17, the slump flow of FR-SCC decreases with the increase in
fiber factor regardless of the fiber type. A distinction is observed between the response of
FR-SCC made with synthetic fibers and that with steel fibers. For an equivalent fiber factor,
FR-SCC made with steel fibers showed a greater reduction of slump flow compared with
the synthetic fibers. This phenomenon may be due to the flexible fibers that can follow
more easily the flow pattern than stiff steel fibers. Furthermore, the flexible synthetic fibers
can fill the gap between aggregate particles rather than wedging them apart, as is the case
for rigid steel fibers. As it is the case for the filling ability, the passing ability of the concrete
decreases with the increase in fiber factor. The V-funnel flow time increases with Vf
regardless of fiber type, as shown in Figure 2-18.
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Figure 2-17: Slump flow variation versus fiber factor [26].

The inclusion of fibers increases internal friction and resistance to flow (viscosity).
This case is more pronounced with mixtures containing 0.75% of discrete micro-synthetic
fibers (MI-MA and ST-PP), which exhibited some blockage through the narrow opening
of the V-funnel. A linear correlation can be established between the fiber factor and Vfunnel flow time for mixtures containing 0.25 to 0.75% Vf. This relationship, however,
does not consider the flow of the ST-PP, which seems to lead to some blockage given the
high-volume ratio of polypropylene microfibers. Both the ST-PP and MI-MA fibers
incorporated at 0.5% Vf resulted in a similar V-funnel flow time of 7 seconds; an increase
in Vf to 0.75% led to blockage of the flow.
The H2/H1 values of FR-SCC were improved by 10% when a single bar was
employed in the L-box test instead of three bars is typically employed for SCC. The
omission of two reinforcing bars enabled better differentiation of the performance of
different FR-SCC mixtures. Using a single bar in the L-box setup, the blocking ratio

37
decreased with the increase in fiber factor Figure 2-19. As was the case for the slump flow,
two linear correlations can be established between the fiber factor and blocking ratio. The
performance of the synthetic fibers was indeed different than that of the steel fibers and
that of the hybrid fibers that contain 92% of metallic fibers, by mass. The passing ability
results evaluated according to Equation (2-27) are shown in Figure 2-20 and indicate linear
correlations between the J-ring spread and fiber factor.
An attempt was made to evaluate the passing ability of the FR-SCC regardless of
the fiber type. This was done by calculating the ratio of the J-ring spread (D) to the height
of concrete at the center of the J-ring (a). As shown in Figure 2-21, regardless of the fiber
type, the D/a passing ability index decreases with the increase in fiber factor. This
relationship includes FR-SCC mixtures with a Vf up to 0.75%. Good passing ability can
be obtained when the D/a index is greater than 12, which corresponds to a Vf of 0.5% or
less, regardless of the fiber type.

Figure 2-18: Variation in V-funnel flow time with fiber factor [26].
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Figure 2-19: Variation of blocking ratio of modified L-box (one bar) with fiber factor
[26].

Figure 2-20: Modified J-ring flow (ring with six or eight bars) versus fiber factor [26].
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Figure 2-21: Diameter-height ratio (D/a) at center of modified J-ring test versus fiber
factor [26].

2.5

FIBER DISPERSION AND ORIENTATION MONITORING IN FIBERREINFORCED SELF-CONSOLIDATED CONCRETE
In most of the surveyed investigations, fiber dispersion and orientation were

monitored by distractive way, which is manually counting the fibers on selected specimen
locations. Manual counting is rather easy when low dosages of longer fibers with average
aspect ratios are used. On the other hand, image analysis techniques are required for higher
dosages of shorter fibers.
Different non-distractive tests were followed in order to monitor the fiber dispersion and
orientation. These methods will be summarized in this part:
1. X-ray pictures of cores or of thin slices obtained by sawing the specimens (the
sample thickness is dictated by the absorption properties of the material and power
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of the X-ray equipment) were also taken in several investigations. Ferrara and Meda
[30] investigated the fibre distribution within 40 precast pre-stressed roof elements
using X-ray pictures of cores as shown in Figure 2-22.

Figure 2-22: X-ray pictures of cores from precast pre-stressed roof elements [30].
2. Electrical methods, based on the effects of the fibers on the resistivity/conductivity
of the composite material, has received lots of attention in the very last years.
Ozyurt et al. [31] used the Alternate Current Impedance Spectroscopy (AC-IS) for
the detection of fiber dispersion and orientation. The method is based on the
frequency-dependent behavior of cementitious composites reinforced with
conductive fibers, such as steel and carbon ones. These were in fact shown to be
practically insulating under Direct Current (DC) and low frequencies Alternate
Current (AC) while they are conductive under high frequencies AC. The method
consists of applying to the specimen a voltage excitation over a range of frequencies
(e.g. 10 MHz-1Hz) and measuring the amplitude and phase of the flowing current.
When the real and imaginary parts of the calculated impedance Z are plotted on a
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Nyquist diagram, fiber reinforced cementitious composites exhibit what called
dual-arc behavior (Figure 2-23). It features a low-frequency cusp (fibers act
insulating), which gives the (higher) resistance of the matrix, Rm, and a high
frequency cusp (fibers are conductive), which corresponds to the (lower) resistance
of the fiber reinforced composite R. In order to overcome the drawback of the
sensitivity of the resistivity of the concrete matrix to moisture conditions, the socalled matrix normalized conductivity is used, from which information about local
fiber concentration should be easily obtained by means of a simple mixture rule
approach:
Rm
σ
=
= 1 + [σ fibers ] Vf
R
σm

(2-29)

where s and sm are the conductivity of the fiber reinforced composite and of the
matrix respectively, [sfibers] is the intrinsic conductivity of the fibers and Vf is the
fiber volume fraction.
3. Lataste et al. [32] employed a method based on low frequency resistance
measurements, with a four-electrode arrangement, aimed at reducing the effects of
the poor electrical coupling. Figure 2-24 shows the recorder and switch system
device as well as the four-electrode arrangement. The method has been
demonstrated to be effective in detecting orientation characteristics of the discrete
dispersed fiber reinforcement, because of the different resistance measured along
the two directions at right angle to each other. The method is not able to provide
any quantitative information about the local average concentration of the fibers.
This is mainly due to the uncertainty in the assessment of the concrete matrix
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resistivity, because of its strong sensitivity to aging, moisture content and presence
of electrolytes in the pores which also affect the measured resistivity beside the
effects of fiber concentration [Ferrara [8]].

Figure 2-23: Typical Nyquist plot for plain paste and fiberreinforced composites with
frequency markers (log of frequencyin Hz as darkened points) [31].

Figure 2-24: View of the measurement device and the four-electrode arrangement [32].
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4. Damme et. al., [33] presented a microwave nondestructive testing technique to
measure the steel fiber content in hardened concrete slabs. As shown in Figure 225, The technique is based on an open-ended coaxial probe reflectometry method
for measuring the effective permittivity of the steel fiber reinforced concrete and
on a classical homogeniza-tion approach for determining the fiber content.
Assuming a random orientation could assess the local average concentration of
fibers and because of the known fiber geometry (aspect ratio) that governs their
capacitive behavior: as a matter of fact the method is unsuitable for FR-SCC
featuring a preferential alignment [Ferrara [8]].
5. Faifer et. al., [34] proposed and validated new method which employs a probe
sensitive to the magnetic properties of the steel fibers. The fundamentals of the
method rely on the fact that the presence and relative position of the fibers in a fiber
reinforced concrete element modify the magnetic circuit of the employed probe,
when placed on the element/structure surface, thus resulting in a variation of the
measured inductance. Both fiber concentration and fiber preferential orientation
can be estimated using such method. Figure 2-26 shows a Layout of the magnetic
probe over a fiber-reinforced concrete surface.
6. Methods based on the study of heat transients and hence on the effect of fibers on
the thermal properties of concrete have been also tentatively applied for the nondestructive assessment of fiber con-centration. Temperature fields within a
structural element can be surveyed through IR thermography. Figure 2-27 shows a
nice 3D visualization of the fiber arrangement within a specimen, by means of
Computed Axial Tomography (CAT) scanning [Felicetti and Ferrara [35]].
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Figure 2-25: Experimental setup and a model configuration with flanged open-ended
coaxial probe [33].

Figure 2-26: Layout of the magnetic probe [34].
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Figure 2-27: Three different orthogonal slices through a reconstructed FRC specimen
from a CT-scan and 3D reconstruction of the steel fibers only [35].

2.6

RHEOLOGY OF FIBER-REINFORCED SELF-CONSOLIDATED
CONCRETE
Martinie et. al., [36] studied the effect of rigid straight fibers on the yield stress of

cementitious materials. Ten different types of fibers were used with cement paste. Figure
2-28 shows the ten different types of fibers tested in that study. The properties of the fibers
are mentioned in Table 2-1. They tested the yield stresses of the suspensions using a Haake
viscotester VT550 and a Vane test procedure. The diameter of the Vane tool was 4 cm
while the diameter of the bowl was 10 cm. The gap between the vane tool blades and the
outerwall of the testing bowl was therefore 40 mm large. The height of material of the bowl
was 10 cm. Both dynamic (or intrinsic) yield stress (just after mixing) and static (or
apparent) yield stress (after rest) were measured to check the sensitivity of the mixture to
resting time.Their results showed that there is a critical value of ϕf r above which fibers
should tend to form clumps or balls and entrap air in the mixture. Where ϕf is the fiber
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volume and r is the aspect ratio of the fiber. As shown in Figure 2-30 there is three
consistencies of a fiber-reinforced cement paste:
•

If the fiber volume fraction (ϕf ) is far lower than ϕfc=3.2/r, the influence of
the fibers on the rheological behavior of the cementitious material should be
low (Cf. Figure 2-29 (a)). As soon as ϕf gets close to ϕfc=3.2/r, the influence
of the fibers on the rheological behavior starts to dominate all other effects.

•

For fiber volume fractions between ϕfc=3.2/r and ϕfm=4/r, the behavior of the
cementitious material is strongly dominated by the contact network between
the fibers (Cf. Figure 2-29 (b)). The material is far stiffer than its constitutive
cement paste.

•

For fiber volume fractions higher than ϕfm=4/r, the material should not be able
to flow any more (Cf. Figure 2-29 (c)). Fibers should form balls and air should
be entrained in the mixture.

They defined the total relative volume fraction as the sum of the relative volume
fraction of the fibers and the relative volume fraction of the granular skeleton ϕf r/4+ϕs/ϕm
where ϕs and ϕm are respectively the volume fraction and the dense packing fraction of the
sand. They plot in Figure 2-30 the relative yield stress (i.e. the ratio between the yield stress
of the fiber reinforced material and the yield stress of the constitutive cement paste) as a
function of the total relative packing fraction of inclusions (sand and fibers).We measured
the dense packing fraction of our naturally rounded sand and obtained a value equal to
68%. The amount of sand in the mixtures was kept constant while the amount of fibers was
varied. The sand contributed to the value of the relative packing fraction up to 0.65.
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If the total relative packing fraction defined above is higher than 100%, fibers
should tend to form clumps or balls and entrap air in the mixture. The material will not be
flowable. This means that the value of ϕf r/4+ϕs/ϕm should stay lower than 1. The maximum
amount of fibers (ϕf)max in the mixture to prevent this from happening is defined by
Equation (2-30).
ϕH ./0 =

ƒLL
r

B1 −

ϕG
˜ϕ F (𝑖𝑛%)
.

(2-30)

where r is the aspect ratio of the fibers, ϕs is the packing fraction of sand in the mixture and
ϕm is the dense packing fraction of the sand (of order 65% for a rounded sand). Equation
(2-29) captures the fact that it is possible to increase the fiber volume fraction in a given
material by reducing the aspect ratio of the fiber, by reducing the packing fraction of
granular skeleton or by choosing a sand displaying a higher dense packing fraction (i.e.
naturally rounded sand instead of crushed sand for instance). If the total relative packing
fraction ϕfr/4+ϕs/ϕm is between 0.8 and 1, it can be considered that the mixture is
optimized. If it is close to 1, it will probably be a firm mix as the contact network between
fibers and aggregates will strongly diminish the ability to flow of the material. If it is close
to 0.8, it will be possible to obtain a very fluid mix (even self-compacting) by designing a
fluid cement paste through the variation of the super-plasticizer dosage as the contribution
of the direct contacts between aggregates and fibers to the consistency of the mix will be
low.
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Figure 2-28: Different fibers tested [36].

Figure 2-29: Consistency of a cement paste (water to cement ratio 0.4) mixed with fibers
with various aspect ratios. (a) ϕf r/αm=0.18; (b) ϕf r/αm =0.83; (c) ϕf r/αm =1 [36].

Figure 2-30: Relative yield stress as a function of the total relative packing fraction. The
dashed line corresponds to the theoretical random loose packing [36].
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Table 2-1. Fiber properties [36].

2.7

MECHANICAL PROPERTIES OF FIBER-REINFORCED SELFCONSOLIDATED CONCRETE
Khaloo et al., [37] investigated the influence of steel fibers on rheological and

mechanical properties of SCC with different strength classes. They used Steel fibers with
hooked end with fiber length 20.6 mm, width 1.8 mm and thickness 0.5 mm (aspect
ratio=20). Various fiber volume fractions of 0.5%, 1%, 1.5%, and 2% were used based on
the mortar volume of SCC. Two strength classes of SCC; 40 MPa (MS) and 60 MPa (HS)
were investigated. They concluded that:
(1) Addition of fibers decreases the fluidity as well as the passing ability of SCC as
shown in Figures 2-31 and 2-32 respectively, especially with high fiber volume (2%).
(2) Addition of fibers decreases the compressive strength. In case of MS concrete
addition of 2% fiber volume decreases the compressive strength by 18.5% as well as HS
concrete by 7.5%.
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(3) Addition of fibers increases the splitting tensile strength of the SCC specimens.
Steel fibers enhance the splitting tensile strength through bridging the gap between two
sides of crack opening. Addition of 2% fiber volume fraction improved splitting tensile
strength by 28.5% and 17.1% with respect to the medium and high strength plain
specimens, respectively.
(4) Addition of fibers increases the ultimate load capacity of the SCC beams, and
it leads to an increase in the flexural strength
(5) Flexural toughness of the SCC beams increases by increasing the percentage of
fibers. Steel fibers tend to increase the flexural toughness and in turn enhance the ductility
of concrete elements. In low fiber volume fractions (0.5% and 1%), beams made with
medium strength SCC had more flexural toughness compared to beams made with high
strength SCC class, because high strength SCC is more brittle, and fibers cannot enhance
the ductility of SCC due to low amount of incorporated fiber in the matrix. However, for
specimens with high fiber volume fractions (1.5% and 2%), beams with medium strength
SCC class had lower flexural toughness.

Figure 2-31: Slump flow diameter as function of fibers content [37].
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Figure 2-32: Variation of blocking ratio with increasing the percentages of steel fibers
[37].

Khayat et al., [26] evaluated the mechanical properties of FR-SCC. The
investigated fibers included polypropylene, steel, and hybrid fibers of different properties
with fiber lengths of 5 to 50 mm. Fiber volume ranged between 0.25 and 0.75%. The
polypropylene fibers included a straight monofilament fiber (MO-S), a kinked
multifilament fiber (MU-S), and a combined 80% macro-crimped fiber and 20% tissuebased micro-fiber (MI-MA). The aspect ratios of these fibers are 90, 74, and 84, respectively. Hybrid steel-polypropylene fibers (ST-PP) with 92 and 8% relative mass and a steel
fiber (ST) were also employed. The aspect ratios of the hybrid and steel fibers are 47 and
55, respectively. They tested the hardened properties included compressive, splitting
tensile, and average residual strengths. They concluded that:
(1) By increasing the Vf from 0 to 0.25% and 0.5% results in an increase of 8 to
28% in compressive strength (fc′). More increasing in Vf to 0.75% results in strength
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reduction of the fiber-reinforced super-workable concrete (FR-SWC) made with MO-S or
ST fibers. This was not the case, however, for the MU-S, MI-MA, and ST-PP fibers that
displayed similar or higher strength than SCC. Strength reduction can be due to the lack of
proper consolidation as concrete cylinders were cast in one lift without any mechanical
consolidation. The fc′ of FR-SCCs with Vf of 0.25 and 0.5% is higher than those of the
reference SCC.
(2) The addition of fibers increased the splitting tensile strength (fsp′) by 7% to 50%.
(3) The Average residual strength (ARS) was measured according to ASTM C1399
[39]. Figure 2-33 presents an increase in residual strength with the increase in fiber factor
for different fiber types. Fibers with the highest elastic modulus and tensile strength (ST
and ST-PP) yielded the best ARS, regardless of the Vf.
(4) The MU-S and ST fibers exhibit the best overall performance given their
superior plastic and hardened properties, respectively. The MO-S has the lowest overall
performance, mainly due to its low compressive and splitting tensile strengths.

Figure 2-33: Increase in residual strength with increase in fiber factor for different fiber
types [26].
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2.8

SHRINKAGE OF FIBER-REINFORCED SELF-CONSOLIDATED
CONCRETE
Concrete is subjected to changes in volume either autogenous or induced. Volume

change is one of the most detrimental properties of concrete, which affects the long-term
strength and durability. To the practical engineer, the aspect of volume change in concrete
is important from the point of view that it causes unsightly cracks in concrete. Shrinkage
can be classified depending on its mechanism into:
• Plastic Shrinkage
Shrinkage of this type takes place soon after the concrete is placed in the forms
while the concrete is still in the plastic state. Loss of water by evaporation from the surface
of concrete or by the absorption by aggregate or subgrade is believed to be the reasons of
plastic shrinkage. The loss of water results in the reduction of volume. The aggregate
particles or the reinforcement comes in the way of subsidence due to which cracks may
appear at the surface or internally around the aggregate or reinforcement.
• Drying Shrinkage
Just as the hydration of cement is an ever-lasting process, the drying shrinkage is
also an ever-lasting process when concrete is subjected to drying conditions. The drying
shrinkage of concrete is analogous to the mechanism of drying of timber specimen. The
loss of free water contained in hardened concrete, does not result in any appreciable
dimension change. It is the loss of water held in gel pores that causes the change in the
volume. Under drying conditions, the gel water is lost progressively over a long time, as
long as the concrete is kept in drying conditions. Cement paste shrinks more than mortar
and mortar shrinks more than concrete. Concrete made with smaller size aggregate shrinks
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more than concrete made with bigger size aggregate. The magnitude of drying shrinkage
is also a function of the fineness of gel. The finer the gel the more is the shrinkage.
•

Autogenous Shrinkage

Autogenous shrinkage is an important phenomenon in young concrete. At low w/c,
less than about 0.42, all the water is rapidly drawn into the hydration process and the
demand for more water creates very fine capillaries. The surface tension within the
capillaries causes autogenous shrinkage (sometimes called chemical shrinkage or selfdesiccation) which can lead to cracking. This can be largely avoided by keeping the surface
of the concrete continuously wet; conventional curing by sealing the surface to prevent
evaporation is not enough and water curing is essential. With wet curing, water is drawn
into the capillaries and the shrinkage does not occur. The autogenous shrinkage is separate
from and additional to conventional drying shrinkage, which will start when water curing
ceases.
•

Carbonation Shrinkage

Carbon dioxide present in the atmosphere reacts in the presence of water with
hydrated cement. Calcium hydroxide [Ca(OH)2] gets converted to calcium carbonate and
also some other cement compounds are decomposed. Such a complete decomposition of
calcium compound in hydrated cement is chemically possible even at the low pressure of
carbon dioxide in normal atmosphere. Carbonation penetrates beyond the exposed surface
of concrete very slowly. The rate of penetration of carbon dioxide depends also on the
moisture content of the concrete and the relative humidity of the ambient medium.
Carbonation is accompanied by an increase in weight of the concrete and by shrinkage.
Carbonation shrinkage is probably caused by the dissolution of crystals of calcium
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hydroxide and deposition of calcium carbonate in its place. As the new product is less in
volume than the product replaced, shrinkage takes place.
Drying Shrinkage is the most effective shrinkage and it can be classified into
unrestrained drying shrinkage and restrained shrinkage. Unrestrained drying shrinkage is
accompanying by reduction in dimensions, while restrained drying shrinkage is
accompanying by cracking.
2.8.1

Drying Shrinkage. Various drying shrinkage models are available in

literature. The most popular three models are summarized bellow.
2.8.1.1 Different models of drying shrinkage. The available shrinkage prediction
models for concrete are mostly based on ACI 209 and CEB-FIP models. Other models
(AASHTO LFRD model, GL model, B3 model and SAKATA model (1993)) are derived
from these models by incorporating additional parameters and modifications. ACI 209 and
CEB-FIP models will be discussed in this section.
1. ACI 209 model [38]
(q(q )

J
𝜀Gœ (𝑡, 𝑡N ) = (𝜀Gœ )m s x(q(q
J

J)

(2-30)

where: (𝜀Gœ )m is the ultimate strain of drying shrinkage (equal to 780 for standard
conditions), 𝑇N is 35 days for moist cured concrete and 7 days for steam cured concrete, 𝑡N
is 7 days for moist cured concrete (case of the present study) and 1 to 3 days for steam
cured concrete.
The standard conditions of this model are:
•

7 days of moist cured concrete (or 1 to 3 days of steam cured concrete)

•

Drying at 40% of RH

•

150 mm is the thickness of the member (or volume-to-surface ratio of 38 mm)
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•

Temperature of 21 °C

Correction factors are applied for conditions other than standard conditions [ACI
209]; and Goel et al., [39]. In ACI 209, Fanourakis et al. [40], and Schindler et al. [41] the
correction factors for conditions other than standard conditions of concrete are described
in detail.
2. CEB-FIP model
3. 𝜀NGk 𝜀G (𝑓N. )(𝛽 ¡ )

(2-31)
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where 𝜀NGk : drying shrinkage of Portland cement concrete (mm/mm); 𝜀G (𝑓N. ): Drying
shrinkage obtained from RH-shrinkage chart; 𝛽

¡

: coefficient incorporating the effect of

RH on ultimate shrinkage; RH: Relative humidity; t : age of concrete at time of observation
(days); 𝑡N : age of concrete at which shrinkage initiated, i.e. end of curing (days); 𝛽EQ :
Coefficient which depends on the type of cement; 𝐴N : section cross area (mm ); 𝜇 :
perimeter of the component in contact with air (mm); 𝑓N. : concrete mean compressive
strength at 28 days (MPa);
The standard conditions of this model are:
•

Ordinary structural concretes
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•

28-day mean cylinder compressive strength varying from 12 to 80 MPa

•

Mean RH of 40-100%

•

Mean temperature of 5 to 30 °C

2.8.1.2 Drying shrinkage of fiber-reinforced self-consolidated concrete.
Kassimi and Khayat [42] compared the measured drying shrinkage results of fiber-reinforced
self-consolidating concrete (FR-SCC) to values obtained from various shrinkage prediction
models. They investigated 15 FR-SCC mixtures.
They used five fiber types (synthetic, steel, and hybrid fibers) of different characteristics.
The fiber volume ranged between 0.25% and 0.75% for the FR-SCC. They monitored the drying
shrinkage for 13 months at 50% relative humidity. Prismatic specimens measuring 75×75×285 mm
was prepared to evaluate drying shrinkage in accordance to ASTM C 157. Then they compered the
drying shrinkage results to values that can be predicted from various shrinkage models, including
the AASHTO LFRD (2007), ACI 209 (1992), CEB- FIP (1990), Gardner-Lockman [43], Bažant
B3 [38], and Sakata [44] models that are proposed for conventional, non-fiber-reinforced concrete.
The AASHTO 2004 model, modified by Khayat and Long [45] (KL2010 model) proposed for selfconsolidating concrete (SCC) is also considered. They modified the shrinkage models to fit the test
results of the fibrous mixtures. This was carried out by introducing correction factors that take into
consideration the use of SCC and fibers. Table 2-2 shows the original shrinkage models used to

compare with the monitored values.
For each set of shrinkage data and for each model, statistical software that was
employed (LAB Fit) considers a factor, which would give the closest theoretical fitting to
the experimental data. For each model, the individual Ai factors for each mixture are then
used to determine a mean correction value (A). An example of this approach is given in
Figure 2-34 for one FR-SCC mixture where the modified AASHTO 2007 model given a
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correction factor Ai is used to ensure better fitting of the data. The mean correction factors
for a given model (A) are given in Figure 2-37. Linear correlations between measured and
predicted shrinkage values in terms of slope of the correction and the correlation factor (R)
for the investigated FR-SCC and FR-SCM mixtures are also indicated in Table 2-3.

Table 2-2: Original shrinkage models [42].

Table 2-3: Predicted vs. measured shrinkage values determined using various models
before and after modifications of the drying shrinkage models [42].
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Figure 2-34: Divergence between predicted and modified shrinkage (MO-S 0.3%
mixture) [42].

As shown in Figure 2-35 with the use of the proposed correction factors (A) for
each of the seven investigated shrinkage models, a much better predicting of the shrinkage
data of FR-SCC is established. They mentioned also that the modified Sakata model
followed by the modified CEB-FIP model provided the best overall prediction of the
shrinkage results of the FR-SCC.

Figure 2-35: Shrinkage prediction of FR-SCC mixtures using the seven modified models
[42].
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2.8.1.3 Restrained shrinkage of fiber-reinforced self-consolidated concrete.
Kassimi and Khayat (2010) [6] compared the potential of reducing cracking of various
SCC and FR-SCC mixtures. Shrinkage mitigation measures included the use of fibers
and/or a shrinkage-reducer admixture (SRA) and/or EA. In total, 13 mixtures were
investigated using the ring test method (ASTM C 1581).
Four reference mixtures were prepared, including a non-fibrous SCC mixture, two SCC
mixtures with polypropylene and steel fibers incorporated at 0.5% by volume. The four
mixtures were also prepared with the addition of SRA or EA. The SRA and EA contents
were 2% and 6% of the cementituous materials, by mass, respectively. Fibers used in thus
investigation included kinked multifilament synthetic fibers (MU-S) and hooked-end steel
fibers (ST) with lengths of 50 and 30 mm and aspect ratios of 74 and 55, respectively.
Figure 2-36 shows the development of ring strains for some mixtures during drying. The
tcr values are also indicated.
Figure 2-37 shows time for cracking of the investigated mixtures as well as the
drying shrinkage micro strain. They mentioned that the incorporation of fibers provided
similar or less drying shrinkage (εu) (reduction of up to 8%) than the reference SCC made
without any fibers. The incorporation of MU-S fiber did not affect tcr. While, the
incorporation of ST fiber delayed tcr by 150% compared to the reference SCC. This is due
to the lower εu and due to the effect of anchorage of the hooked ends resisting to fiber
slipping from the cementituous matrix. Generally, fibers reduced wcr by 40% and 50% for
MU-S and ST types, respectively compared to the reference SCC. The introduction of EA
in SCC mixtures containing MU-S and ST fibers permitted a reduction in εu by 17-37%,
an enhancement in tcr by 330% and 627% and a reduction in wcr by 37% and 70%,
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respectively, compared to SCC mixture containing EA without any fibers. The combination
of ST fibers and EA provided the lowest cracking potential (tcr of 35.6 days and the smallest
wcr of 83 μm) amongst all of the investigated mixtures. For the SCC with ST fibers and
EA, cracks did not lengthen along the ring height. There is a synergetic effect of the
following ingredients on cracking potential: fibers-SRA, fibers-EA, and fibers-SRA-EA.
The longer tcr is, the narrower is the wcr for the investigated mixtures (R2 of 0.58). The
relationship is better when only the fibrous mixtures are considered (R2 of 0.82), as
indicated in Figure 2-38.

Figure 2-36: Development of strains in the inner ring due to concrete contraction [6].

Voigt et. al., [25] compared the performance of different fiber types, fiber blends,
and welded-wire fabric (WWF) in their ability to prevent and control drying-shrinkage
cracking. Restrained shrinkage ring tests were conducted on fiber-reinforced concrete
mixtures to determine the age of the first visible crack and maximum crack width. Table
2-4 shows the different fibers investigated as well as their properties.
Figure 2-39 shows age of first crack for all tested materials as difference with
respect to plain concrete. They mentioned that age increases with increasing fiber volume
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in all cases. Furthermore, it can clearly be seen that the best-performing fiber for all threefiber volumes is the Flat End 30 mm fiber. The advantage of this fiber type is especially
obvious for the lower fiber volumes of 0.125 and 0.25%. In the case of the fiber volume of
0.25%, no difference in cracking age can be found among the remaining fiber types.

Figure 2-37: Time for cracking of the investigated mixtures [6].

Figure 2-38: Crack width as function of time-to-cracking for fiber-reinforced mixtures
[6].
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Table 2-4: Dimensions of tested fibers and WWF [25].

Figure 2-40 shows maximum crack width for all tested mixtures relative to plain
concrete. They measured maximum crack width 42 days after the casting of the specimens.
They found similar behavior for the age of cracking; the maximum crack width decreases
with increasing fiber volume for an individual fiber type. The best performing
reinforcement is again the fiber Flat End 30 mm. The mixtures containing this fiber have
the smallest crack width for all three-fiber volumes.
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Figure 2-39: Age of first crack for all tested materials as difference with respect to plain
concrete (cracking age for plain concrete = 15 days) [25].

Figure 2-40: Maximum crack width for all tested materials relative to plain concrete
(crack width for plain concrete = 100%) [25].

They finally concluded that the fiber Flat End 30 mm is the best-performing
reinforcement, concerning age of first crack and maximum crack width. This is valid for
all investigated fiber volumes. The polypropylene fiber crimped, PP 50 mm is efficient in
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reducing the maximum crack width in all fiber volumes. Compared with plain concrete,
the crack width could be reduced by more than 50%, even when the fibers are used in low
volumes. The tested fiber blend of Crimped, Steel 38 mm and Multifilament, PP (Steel +
PP Blend) performs well with a minor drawback in the maximum crack width. This hybrid
fiber blend most likely has an improved resistance against plastic shrinkage cracking
(caused by the multifilament fibers), which would improve the overall performance. The
polypropylene fiber blend (PP Blend) containing Crimped, PP 50 mm and Fibrillated PP
fibers performs on the level of the corresponding single fiber mixture (Crimped, PP 50 mm
for Vf = 0.3%). Under the assumption of an improvement in the plastic shrinkage cracking
resistance caused by the Fibrillated PP fibers, this fiber blend provides a better shrinkage
reinforcement than the single fiber mixture (Crimped, PP 50 mm for Vf = 0.3%).

2.9

FREEZE-THAW DURABILITY OF FIBER-REINFORCED SELFCONSOLIDATED CONCRETE
Richardson et al., [46] examined the effects of freeze/thaw cycles starting at 5 days

of curing where the concrete has reached about half of the design strength. The test methods
used to evaluate durability were weight loss and relative pulse velocity. They carried a
freeze/thaw test to ASTM 666B for 300 cycles and then they observed the enhanced
freeze/thaw protection by the use of polypropylene fibers in concrete when compared to
plain and air entrained concrete. The fiber adopted was 12 × 6.5 denier; Type 1 extruded
polypropylene fiber (Type1), quality assured to ISO 9001-2 and used at two doses, first
dose of 0.9 kg/m3 and the second dose of 1.8 kg/m3. The air entrainment was to produce a
design mix with an air content of 5% ± 1.5% in accordance with commercial batching
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procedures and acceptance limits. The dosage rate of the Cemex air entrainment agent was
50 ml/ 50 kg CEM1. They prepared six samples as shown in Figure 2-41. The freeze/thaw
test cubes were subjected to air freezing and water thawing to establish the degree of
durability. Following a pilot study to determine the optimum frequency of freeze/thaw
cycles, it was found that two freeze/thaw cycles were possible in a 24-h cycle.
Measurements were taking to determine weight loss, relative pulse velocity, density,
compressive strength, and strain, to determine the modulus of elasticity after the
freeze/thaw test. To obtain the relative dynamic modulus as required by the ASTM test, a
pulse velocity test to BS 1881: Part 203 was performed using transverse readings. Figure
2-42 shows the pulse velocity for all concrete types vs the number of completed
freeze/thaw cycles. They calculated the durability factors using the equation illustrated in
ASTM 666B. The values were as follows: A – Plain concrete – 1.323, B – Air entrained
concrete – 100.47, E – 0.9 kg/m3 fiber – 116.55, F – 1.8 kg/m3 fiber – 113.08. Cubes B, E
and F showed an improvement in the final pulse velocity readings, compared to their
original values. The plain concrete cubes A, showed little resistance to the effects of
freeze/thaw damage. They finally mentioned that the effect of Type 1 polypropylene fibers
is to reduce water absorption and increase resistance to freeze/thaw damage when use in
medium/low strength concrete, resulting in increased durability. The inclusion of fibers can
increase the air void system when compared to plain concrete, thus providing an alternative
to air entrainment as a method of freeze/thaw protection.
Yildirim and Ekinci [47] studied the effect of different fibers on the freeze-thaw durability
of concrete. They used micro-structured polypropylene and glass fibers separately and in
combination with macro-structured steel fibers in the concrete. They conducted their experiments
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in order to determine weight-loss and durability factor based on ultrasound pulse velocity of 12
different concrete series produced according to ASTM C-666. They investigated the separate and
combined effects of the fibers used in the concrete in terms of the rapid freeze-thaw period. Table
2-5 shows the technical properties of steel, polypropylene and glass fibers.

Figure 2-41: Design mix and batching procedure [46].

They produced concrete including fibers with different percentages within the same
main compounds. K represents the control concrete specimen, while S, P and G represent
the concrete specimens including steel, polypropylene and glass fibers, respectively. They
produced three series of concrete, including 0.5 (S 0.5), 0.75 (S 0.75) and 1 (S 1) % as
volumetric of hooked steel fibers respectively. Another six series of concrete were
produced with the use of polypropylene and glass fibers of 0.1 % (P and G). They defined
the symbols of the fiber material used in the mixture fiber specimens as SP and SG. They
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were both used separately and in combination with macro-structured steel fibers of 0.5 (SP
0.5 and SG 0.5), 0.75 (SP 0.75 and SG 0.75) and 1 (SP 1 and SG 1) %.

Figure 2-42: Pulse velocity for all concrete types [46].

Table 2-5: Technical properties of steel, polypropylene and glass fibers [47].

Figure 2-43 shows Durability factors determined after freeze-thaw cycles for all the
12 mixtures. They concluded that using polypropylene fiber in all the concrete specimens
to be reinforced by fibers in consideration of the effects of freeze-thaw cycles will be
advantageous. Steel fibers did not cause any difference in terms of freeze-thaw cycles but
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did cause some negative effects for mixture concrete. It is important that glass fibers should
not be used in the places exposed to freeze-thaw cycles, or that concrete should be protected
against this effect.

Figure 2-43: Durability factors determined after freeze-thaw cycles [47].

2.10 STRUCTURAL PERFORMANCE OF FIBER-REINFORCED SELFCONSOLIDATED CONCRETE STRUCTURAL ELEMENTS
This section consists of six sections; first section summarizes the literature related
to the flexural performance of fiber-reinforced concrete beams, second section summarizes
the literature related to the flexural crack resistance of fiber-reinforced concrete beams,
third section summarizes the literature related to the repair of reinforced concrete beams
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using fiber-reinforced self-consolidated concrete, fourth section summarizes the literature
related to the shear performance of fiber-reinforced concrete beams, fifth section
summarizes the literature related to the structural performance fiber-reinforced concrete
columns, section umber six summarizes the literature related to the bond strength between
the steel rebar and fiber-reinforced concrete.
2.10.1 Flexural Performance of Fiber-Reinforced Concrete Beams. Fritih et
al., [1] studied the effect of steel fiber reinforcement on the behavior of Self-Compacting
Concrete (SCC) beams. They carried out bending tests in order to examine the effect of
low fiber content (0.25% by volume) on the flexural behavior of beams with different
amounts of steel rebar reinforcement. They compared the behavior of reinforced concrete
beams cast either with control SCC and the one of Fiber-Reinforced Self-Compacting
Concrete (FRSCC). FIBRAFLEX, shown in Figure 2-44 was used. As shown in Table 2-6
the ribbon-shaped fibers are 30 mm long, 1.6 mm wide and 0.03 mm thick, and belong to
the family of metallic glass materials.

Figure 2-44: Amorphous metallic fibers [1].
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Table 2-6: Amorphous metallic fibers used and the main characteristics [1].

They concluded that global mechanical behavior is not affected by the fiber content
used. Just a slight enhancement of stiffness after crack initiation is observed in the case of
beams with a low longitudinal reinforcement ratio. This can be explained by the relatively
greater tension stiffening effect induced by a better tensile stress transfer by fibers to the
concrete through the crack opening. Yielding, ductility and load bearing capacity are not
improved with the addition of fibers. The fibers do not modify the failure mode.
Guan et al., [48] investigated the effect of longitudinal reinforcement ratio, volume
dosage of steel fiber and the beam height on flexural behavior of steel fiber reinforced highstrength concrete beams by conducting a parametric experimental study. Four longitudinal
reinforcement ratios, four steel fiber volume dosages and four different beam heights were
used. As shown in Table 2-7, 10 beams of steel fiber reinforced high-strength concrete and
1 beam of reinforced concrete were designed to investigate the flexural behavior of steel
fiber reinforced concrete beams. The length and diameter of the steel fiber were 32.14 and
0.9 mm, respectively. At the end of the curing period of 28 days, the beams were taken out
from the curing room and were prepared for the test of flexural behavior. Three-point
bending beam method was employed in their study. They found that compared with the
reinforced concrete beam, the bearing capacity and the measured deflection of the steel
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fiber reinforced high-strength beam are much larger and the breaking of the compression
zone is not too serious, which reflects the improvement of reinforcing and toughening of
steel fibers. As shown in Figure 2-45 considerable increase for the ultimate flexural
capacity of the steel fiber reinforced high-strength concrete beams was observed by
increasing the steel fiber volume dosage.

Table 2-7: Design parameters of the specimen beams [48].

2.10.2 Flexural Crack Resistance of Fiber-Reinforced Concrete Beams. Pons
et al., [49] compered the crack resistance of self-compacting concrete with various
proportions of metal fibers as well as ordinary vibrated concrete. They used macrofibres,
30-mm amorphous metal, 50-mm long polypropylene and a hybrid of them. Fiberreinforced ordinary concrete placed with the help of vibration (VC) and self-compacting
concrete (SCC) were designed to achieve a 28-day average compressive strength of about
35 MPa. The fiber contents investigated were 20 kg/m3 (0.27% by volume) for the
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amorphous metal fibers and 9 kg/m3 (0.98% by volume) for the polypropylene fibers. The
hybrid mix was the combination of 50% of the previous contents for the respective fiber
types.

Figure 2-45: Ultimate flexural capacity versus steel fiber volume dosage [48].

As shown in Figure 2-46, they performed four-point bending tests on 100 × 100
× 500mm prisms. They plot the crack width Vs the load for different beams as shown in
Figure 2-47, according to RILEM TC162 and also they plot the load Vs deflection for
different be. The results showed that the high modulus and high bond amorphous metal
fibers at the dosage of 20 kg/m3 in concrete (SCCMF) provided a strain hardening behavior
phase that developed in the range 0–0.2mm of crack mouth openings and increased the
maximum flexural load of the material by about 50% in comparison with fiber-free
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concrete (SCC) (Figure 2-48). Afterwards, the fibers began to break and the residual load
bearing capacity decreased until it was almost zero (Figure 2-48). Polypropylene fibers at
the dosage of 9 kg/m3 in concrete (SCCSF) provided no increase in peak strength in
comparison with SCC. The hybrid mix SCCMSF added the qualities of its two constitutive
reinforcements. The resultant effects seem to be weighted according to the relative content
of each fiber component. Figure 2-49 shows the comparison between the flexural behavior
of vibrated and self-compacting concretes. Because the maximum bending loads of both
types of concretes were not exactly the same, they did normalize the load-deflection curves.
For that purpose, reference to the peak load of the synthetic fiber reinforced materials was
considered as representative of the peak load of the concrete matrix alone. Even though
slight differences were observed between the two types of concrete, they indicated that a
better fiber-matrix bond was achieved for self-compacting specimens than for vibrated
ones. Indeed, with regard to polypropylene slipping fibers, the post crack strength plateau
of SCCSF was higher than that of VCSF. When only high modulus and high bond
amorphous metal fibers were incorporated, the peak strength of SCCMF was higher than
the one of VCMF and the following decrease caused by the breaking of the fibers prevented
from slipping was steeper for SCCMF than for VCMF. When the properties of each kind
of fiber were combined, the same observations could be made as above, which pointed out
a better fiber-matrix bond in self-compacting concrete.
2.10.3 Repairing
Consolidated Concrete.

of

Concrete

Beams

using

Fiber-Reinforced

Self-

Kassimi et al., [50] investigated fiber-reinforced self-

consolidating concrete (FR-SCC) to assess its potential value as a repair material of
reinforced concrete beams. They optimized a total of 10 repair mixtures to repair 10 full-
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scale beams. The mixtures included eight FR-SCC mixtures, one fiber-reinforced selfconsolidating mortar, and a reference self-consolidating concrete (SCC) made without
fibers.

Figure 2-46: Four-point bending test [49].

Figure 2-47: Average load-crack opening curves of the self-compacting concretes [49].
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Figure 2-48: Average load-deflection curves of self-compacting concretes [49].

Figure 2-49: Average load-deflection curves – comparison between vibrated and selfcompacting concretes [49].

They employed four types of fiber reinforcement: steel, two kinds of
polypropylene, and hybrid fibers. Each fiber type was used at two volume contents of 0.3
and 0.5% for the FR-SCC mixtures and at 1.4% for the steel fibers in the mortar mixture.
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The beams were 3100-mm long, 250-mm wide, and 400-mm deep. They cast the beams
using conventional vibrated concrete except for the lower 125 mm zone of the beam,
representing a damaged area in the tension zone. After curing, they repaired the bottom
layer using the self-consolidating mixtures. Then they tested the beams under four-point
bending over a simply supported clear span of 2600 mm. The casting of the concrete beams
representing existing concrete elements was performed with the steel cage placed inverted
in the formwork with the tension reinforcement at the top. The tension reinforcement and
exposed stirrups were temporarily covered with duct tape to prevent any contact with
substrate concrete and assure good bond between the reinforcement and repair material.
After curing, they removed the duct tape, and the beams were placed with the tension
reinforcement at the bottom. Then they cast the repair layer using the optimized selfconsolidating mixtures. The repair material was placed through a funnel into a 140 mm
diameter hole located at the edge of the beam. The hole was made by fixing a plastic
cylinder mold along the depth of the beam during the casting of the conventional vibrated
concrete (CVC) beam. They made three additional holes equidistant along the length of the
beam, as shown in Figure 2-50, to expel air and to monitor flow of the concrete.
Then they removed the plastic molds before the repair casting. The external sides
of the formwork were fabricated using plexiglass to enable visual observation of the flow
of the self-consolidating repair material during casting. To enhance bond between the
existing and new concrete, they sprayed the surface of the existing concrete with a surfaceretardant liquid soon after casting the CVC. After 24 hours, they cleaned the exposed
concrete by removing the retarded surface mortar using water-spraying to expose coarse
aggregate and enhance bond to the repair material, as shown in Figure 2-51.

78

Figure 2-50: Schematic of composite beam specimen. (Note: Dimensions in mm; 1 mm =
0.039 in.) [50].

All beams were reinforced with two 20M bars as the main tensile reinforcement
and two 10M bars as the top reinforcement. The shear reinforcement was double-legged
stirrups of 8 mm (0.31 in.) in diameter spaced at 150 mm (5.91 in.). They prepared the
beams with the CVC that was cast monolithically to serve as a reference beam, while the
other beams were composite beams consisting of CVC and a repair section along the
bottom of the beams (Figure 2-52). They tested the beams approximately at 180 days under
four-point bending over a simply supported span of 2600 mm (102.36 in.), as shown in
Figure 2-52.
The load was monotonically applied at a stroke-controlled rate of 1.2 mm/min
(0.047 in./min) using a 500 kN (112.4 kip) closed-loop MTS actuator. All beams were
instrumented with electrical resistance strain gauges bonded on reinforcing bars and the
top concrete surface at midspan. They measured the midspan deflections using two LVDTs
fastened at each side of the beam. They installed two high-accuracy LVDTs (±0.001 mm
[±3.93 × 10–5 in.]) at positions of first cracks to measure crack width as shown in Figure
2-53.
The ultimate load capacity of the control monolithic beam was 216 kN (48.6 kip)
and those of the repaired beams ranged between 204 and 230 kN (45.9 and 51.7 kip)
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showing a spread of ±6% of the strength of the monolithic beam. Therefore, 94% of the
initial load capacity can be restored using their repair materials. The maximum loadcarrying capacity was attained with the SCC and S-SCC-0.3 beams, while the H-SCC-0.5
beam had the lowest load-carrying capacity. Figure 2-54 shows the load-deflection
relationships of the control monolithic beam and beams repaired beams.
They calculated the theoretical flexural strength of the repaired beams (Pu

calc)

assuming composite behavior and linear strain distribution in the beam between two cracks,
as shown in Figure 2-55, which is similar to ACI 318 ultimate strength design method
considering the extra tensile strength of the fibrous concrete and adding the strength
provided by the reinforcing steel to obtain flexural strength. The ultimate flexural capacity
of the beam can be calculated using Equation (2-34) proposed by them.
/

/

œ

n

/

𝑀m = 𝐴G 𝑓„ B𝑑 − KF + 𝐴G Â 𝑓„ Â BK − 𝑑 Â F + 𝜎q 𝑏(ℎ − 𝑒) B K + K − K F

(2-34)

where As and As′ are the areas of tensile and compressive steel reinforcement, respectively;
fy and fy′ are the yield stresses of tensile and compressive steel reinforcement, respectively;
d and d′ are the distances from the extreme compression fiber to the centroids of tensile
and compressive steel reinforcement, respectively; a is the depth of rectangular stress
block; b is the width of the beam; h is the overall thickness of the beam; e is the distance
from extreme compression fiber to the top of fibrous concrete; and 𝜎q is the tensile stress
of fibrous concrete, which can be calculated according to the Equation (2-35) for concrete
with steel fibers proposed by ACI Committee 544.
A

𝜎q = 0.00772 &b 𝑉H 𝐹un (𝑀𝑃𝑎)
b

(2-35)

where Lf is the fiber length; df is the fiber diameter; Vf is the percent by volume of fibers;
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and Fbe is the bond efficiency of the fiber, which varies from 1.0 to 1.2 depending on fiber
characteristics. The mean Pu exp/ Pu calc was 1.40 with a coefficient of variation of 5%.

Figure 2-51: Roughened surface of base concrete before casting repair materials [50].

Figure 2-52: Beam dimensions (in mm) [50].

Figure 2-53: Loading and strain-control systems (dimensions in mm) [50].
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Figure 2-54: Load-deflection response of control beam with: (a) beams repaired with
SCC and mono- and multifilament polypropylene FR-SCC; and (b) beams repaired with
hybrid and steel FR-SCC, and steel FR-SCM [50].

82

Figure 2-55: Stress and strain variation in FR-SCC repaired beams (ACI 544 with some
modifications) [50].
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3.1

RESEARCH PROGRAM, MATERIALS, AND TEST METHODS

RESEARCH PROGRAM
The purpose of this study is to design and optimize fiber-reinforced self-

consolidating concrete (FR-SCC) and fiber-reinforced super workable concrete (FR-SWC)
made with expansive agent (EA) to be used for repair and construction applications,
respectively, and to study the performance of the optimized mixtures.
The research program consists of eight tasks in eight sections as follow:
1. Optimize mixture design for fiber-reinforced concrete (FRC) with adopted
rheology that includes FR-SCC and FR-SWC, made with different types and
dosages of EA based on shrinkage behavior and cracking potential as well as
workability and mechanical properties.
Study the effect of fiber characteristics that includes different types and volumes, on:
2. Workability and rheological properties of FR-SCC and FR-SWC
3. Mechanical properties and frost durability of FR-SCC and FR-SWC
4. Shrinkage behavior and cracking potential of FR-SCC and FR-SWC
5. Structural performance of FR-SCC and FR-SWC as a construction material
6. Investigate the effect of fiber characteristics structural performance of FR-SCC as
a repair material.
7. Quantify the effect of fiber characteristics that includes different types and
volumes, on the flexural steel-reinforcement demand of FR-SWC beams.
8. Field implementation and life cycle-cost analysis of FRC in bridge structures.
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3.1.1

Task 1: Performance based Design of Fiber-reinforced Concrete with

Adopted Rheology made with Expansive Agents. A performance-based mixture design
was utilized to optimize the binder paste content and composition for FR-SCC and FRSWC. The test parameters included the replacement ratio of cement by FA, type and dosage
of EA, and total binder content. Hooked-end steel fibers measuring 30 mm in length were
used at a volume of 0.5%. The investigated concrete was tested for slump flow, modified
J-ring, sieve stability, bleeding, visual stability index, air content, unit weight, compressive
strength and splitting tensile strength. The elastic modulus, drying shrinkage, and
restrained shrinkage were determined for selected mixtures.
3.1.2

Task 2: Effect of Fiber Characteristics on Fresh Properties of Fiber-

Reinforced Concrete with Adapted Rheology. The influence of fiber type and volume
on the workability and rheological properties of FR-SCC and FR-SWC targeted for
infrastructure construction and repair, respectively, was investigated. The fibers included
propylene synthetic fibers, hooked steel fibers of two separate lengths, double and triple
hooked steel fibers, hybrid fiber containing crimped steel fiber and polypropylene
multifilament fiber, as well as micro-macro steel fibers. All seven fiber types were
investigated for the FR-SWC compared to four fiber types for the FR-SCC. Fiber volume
was fixed at 0.5% for the FR-SCC mixtures and varied between 0.5% and 0.75% for the
FR-SWC. Type-G expansive agent was consistently incorporated at medium dosage to
reduce shrinkage. The mixtures were tested to evaluate deformability, passing ability, and
stability, and a ConTec 5 rheometer was used to measure rheological properties.
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3.1.3

Task 3: Effect of Fiber Characteristics on Hardened Properties of

Fiber-Reinforced Concrete with Adapted Rheology.

This section compares the

performance enhancement in mechanical properties and durability that can be obtained
when using different types and combinations of fibers and EA in FR-SCC and FR-SWC.
The investigated parameters are the same as previous task.
3.1.4

Task 4: Effect of Fiber Characteristics on Shrinkage Behavior and

Cracking Potential of Fiber-Reinforced Concrete with Adapted Rheology.

The

combined effect of expansive agent and steel fibers type and dosage on the shrinkage and
cracking resistance of FR-SCC and FR-SWC targeted for infrastructure construction and
repair, respectively, was investigated. The investigated parameters are the same as in Task
2.
3.1.5

Task 5: Effect of Fiber Characteristics on the Structural Performance

of Fiber-Reinforced Self-Consolidating Concrete as a Repair Material. This task of
the study aimed at exploring the influence of different types of fibers on the flexural
response and to develop FR-SCC mixtures targeted for the use in repair applications. The
optimized FR-SCC mixtures were used in the repair of full-scale reinforced concrete
beams. In total, 10 repaired beams measuring 300 × 200 × 2400 mm (b×h×L) were
prepared. These beams were cast in two layers to simulate repaired structural elements.
The concrete used for casting the repaired part was either SCC or FR-SCC. The parameters
taken into account in this part of the study were the fiber type: one hybrid, and two steel
fiber types; fiber volume: 0 and 0.5%; Expansive agent: 0%, 4% G-Type.
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3.1.6

Task 6: Effect of Fiber Characteristics on the Structural Performance

of Fiber-Reinforced Super-Workable and Fiber-Reinforced Self-Consolidating
Concrete as a Construction Material. This task discusses the influence of fibers type
and volume on the flexural response of full-scale beams made with FR-CVC, FR-SCC, and
FR-SWC mixtures targeted for construction applications. Again four-point bending test
was used. The parameters taken into account were the fiber type: a synthetic, a hybrid, and
three steel fibers; fibers were employed at Vf of 0.5% and 0.75%; Type-G EA was
incorporated at dosage of 0% and 4%. In total, 30 monolithic beams measuring 300 × 200
× 2400 mm (b×h×L) were prepared.
3.1.7

Task 7: Effect of Fibers on the Flexural Steel-Reinforcement Demand

of Fiber-reinforced Super-Workable Concrete Beams. This task elucidates the effect
of fiber type on flexural strength, flexural toughness, and cracking resistance of FR-SWC
compared to non-fibrous SWC beams. Thirteen steel-reinforced beams were cast using
SWC and two different FR-SWC. First FR-SWC was made with 0.5% fiber volume of a
combination between a hooked end macro and micro steel fibers measuring 30 and 13 mm
in length, respectively (STST). Second FR-SWC was made using 0.5% fiber volume of a
triple hooked end steel fiber measuring 65 mm in length (5D). Five different bottom rebar
densities were included in this study ranging between 1665 and 3410 cm2.
3.1.8

Task 8: Field Implementation of Fiber-Reinforced Concrete in Bridge

Decks. This task presents the results of a field implementation involving the use of highperformance FRC with adopted rheology for re- decking of a bridge near Taos, Missouri.
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3.2

MATERIALS
A Type I/II ordinary portland cement (OPC) and a Class C FA was employed. Two

types of EA were used: Type-G EA and Type-K EA. The former is a CaO-based system in
which the formation of calcium hydroxide (Ca(OH)2) crystals can cause expansion. The
Type-K EA is a calcium sulfoaluminate-based system involving the formation of ettringite
that leads to expansion.
Continuously graded natural sand with a fineness modulus of 2.6 and crushed
limestone aggregate with a nominal maximum aggregate size of 12.5 mm were used for
the FR-SWC. The same type of sand was used with pea gravel with a nominal maximum
aggregate size of 10 mm for the FR-SCC. The limestone coarse aggregate, pea gravel, and
natural sand had specific gravities of 2.54, 2.8, and 2.63, respectively, and water absorption
of 3.81%, 3.08%, and 0.62%, respectively. A polycarboxylate-based high-range water
reducer (HRWRA) with a slump retention ability was used to increase flowability. The
HRWRA dosage was adjusted to secure slump flow between 650 to 700 mm in the case of
FR-SCC and between 500 and 550 in the case of FR-SWC A synthetic resin-based airentraining admixture (AEA) was incorporated to entrain 6% to 9% air content. A
polysaccharide viscosity-modifying admixture (VMA) was used to enhance stability. A
30-mm long hooked-end steel fiber with an equivalent diameter of 0.55 mm (aspect ratio
0.55) was used.
Seven fiber types were investigated. Table 3-1 reports the characteristics of these
fibers. This included a propylene synthetic fiber (PLP), hooked steel fibers measuring 30
mm in length (ST1) and 65 mm in length (3D), a double and triple hooked steel fiber (4D
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and 5D, respectively) with lengths of 65 mm, a hybrid of crimped steel fiber and
polypropylene multifilament fiber (STPL), and a micro-macro steel fiber (STST) with 20%
micro fibers measuring 13 mm in length and 80% of the ST1 fiber. The FR-SWC mixtures
were produced with all seven fibers. On the other hand, only the ST1, STST, STPL, and
PLP fibers were used for the FR-SCC mixtures.

Table 3-1: Characteristics of selected fibers.

3.3

TEST METHODS
3.3.1

Workability Test Methods. The filling ability and deformability were

evaluated using the slump flow test (ASTM C 143). The T50 was recorded for mixtures
having a final slump flow diameter greater than or equal to 500 mm. The visual stability
index (VSI) was also noted. If a mixture reached the target flow diameter with VSI equal
to 0 or 1, then the mixture was accepted, and further evaluation in terms of passing ability,
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stability, and measuring rheological parameters was considered. The slump flow, T50, and
rheological parameters were determined at 10 and 70 min. The concrete between the two
test ages was agitated at 1 rpm in the mixer, which was covered to minimize water
evaporation.
The passing ability of the FR-SCC and FR-SWC mixtures was evaluated using the
modified J-Ring test [51] . The test includes eight bars compared to 16 bars in the standard
test (ASTMC1621), making the gap between the bars 70 mm, compared to 35 mm used for
the standard test. The slump cone was positioned inverted in the center of the modified JRing. The passing ability index is noted as (D/a) with D and a being the flow diameter and
mean height of the concrete at the center of the concrete at the end of the flow, respectively.
A minimum value of 12 for D/a was targeted for fiber reinforced mixtures [51].
The unit weight and air content were determined according to ASTM C 138 and C
231. The surface settlement test was used to evaluate stability [45]. The settlement of
concrete cast in a 200-mm diameter polyvinyl chloride (PVC) column measuring 800 mm
in height was monitored over time. The concrete was poured in the column to a 600 mm
height. A linear variable differential transformer (LVDT) was placed on the top of an
acrylic plate placed at the top surface of the concrete for time monitoring of surface
settlement. Changes to concrete height were monitored until a steady state was reached.
The rate of settlement between 25 and 30 min. was also noted as it can be related to the
final settlement [45]. External bleeding was measured according to ASTM C 232.
3.3.2

Rheology Test Methods. A ConTec 5 rheometer [52] was used to estimate

the rheological properties of the SCC and the SWC mixtures as well as the fibrous mixtures
made with 0.5% fibers that are shorter than 50 mm. Therefore, the rheological properties
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of the FR-SCC mixtures and three of the nine FR-SWC mixtures were tested at 10 and 70
min. The concrete sample was pre-sheared for 20 seconds at the maximum rotational
velocity (0.65 rps), and the rotational velocity was then decreased gradually from 0.65 to
0.10 rps over eight steps measuring 8 seconds each. At each step, the data over the last 4
seconds were considered. After equilibrium was verified at each step, elimination of data
points was done whenever necessary [53].
Rheological properties were determined using the Bingham liner model since the
flow curves were linear [54]. A linear relationship between the applied torque (T) and the
rotational velocity (N) was plotted, with H being the slope and with G being the intercept
with the T-axis. The H and G values were then transformed into plastic viscosity (𝜇S ) and
yield stress (𝜏k ), respectively, using the Reiner-Riwlin [55] equations (3-1, 3-2, 3-3), as
follows:
𝑇 = 𝐺 + 𝐻𝑁

𝜏k =

𝜇S =
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where Ri = the inner radius of rheometer, Ro = the outer radius of rheometer, and h = the
height of concrete in the rheometer.
Correction for the plug flow [56] was considered to avoid under-estimation of
𝜏k and over-estimation of 𝜇S . This was done by calculating the plug radius (𝑅Ë ) for every
step using Equation (3-4) by assuming an initial set of rheological properties:
s
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‰œ

(3-4)
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𝑅Ë calculated from Equation (3-5) was then used along with the assumed set of rheological
properties to estimate the shear rate at the inner cylinder using Equation (5-13):
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where 𝛾̇ (𝑅1 ) is the shear rate at the inner cylinder. If the value of 𝛾̇ (𝑅1 ) is correct, then the
assumption of the assumed 𝜏k and 𝜇S can be correct, and the value of 𝑅Ë can be calculated
from Equation (5-13). Otherwise, another set of rheological parameters should be assumed,
and another iteration should be made to verify if the assumed set of rheological properties
and 𝑅Ë are correct.
3.3.3

Mechanical Properties Test Methods. The 100 × 200 mm cylindrical

samples were used to determine compressive strength (ASTM C 39), splitting tensile
strength (ASTM C 496) and modulus of elasticity (ASTM C 469). Three samples were
used to determine each of the 28-day and 56-day compressive strength, splitting tensile
strength, and modulus of elasticity. Prismatic samples measuring 75 × 75 × 400 mm were
used to for testing flexural strength (ASTM C78) and flexural toughness (ASTM C1609).
Two samples were used to plot the load deflection curve after 28 days and 56 days and to
determine flexural and flexural toughness at these ages.
Notched prismatic samples measuring 150 ´ 150 ´ 550 mm were used for
evaluating cracking resistance (RILEM TC-162). The notch was 5 mm width and 25 mm
depth introduced at the mid-span of the sample by the mean of a 150 ´ 25 ´ 5 PVC plate
attached to the sample mold before casting concrete. MTS closed loop testing machine
which was capable of producing a constant rate of increase of deflection (0.2 mm./min)
was used. The span length of the three-point loading test was 500 mm. A crack mouth
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opening displacement (CMOD) sensor was applied at the notch and connected to a data
accusation system to measure the crack width with time. The MTS machine stored the load
applied with time. The data accusation system and MTS machine started monitoring the
data at the same exact time. The specimen was loaded continuously up to 3.5 mm crack
width. The data from MTS machine and the data accusation system were combined to plot
the load against (CMOD) up to 3.5 mm. The peak load and the residual load at 3.5 mm
were monitored for all of the tested specimens. Two samples were used to determine
flexural cracking resistance at 28 days and 56 days.
For the casting of fibrous specimens, the casting of prismatic samples was done
from the and of the prisms through inclined tremie pipe at 30° to the horizontal plan. This
procedure was kept consistent for casting all of the fibrous samples, since the casting
procedure has a marked effect on fiber orientation.
All SCC and FR-SCC samples were cast in one lift with no mechanical
consolidation, while SWC and FR-SWC samples were consolidated with 20 strikes using
10 mm rode [3]. The same consolidation procedure was followed for casting all samples.
The samples were stored under wet burlap and plastic sheets for 24 hours. The samples
were then demolded and were moist cured until testing date after 28 or 56 days.
3.3.4

Durability and Shrinkage Test Methods. Prismatic samples measuring 75

× 75 × 400 mm were used to determine the resistance of concrete to freezing and thawing
(ASTM C 666). The concrete prisms were cured first for 28 days before moving to the
freeze-thaw chamber for testing. Specimens were subjected to 300 freeze-thaw cycles.
After every 30 cycles, the transverse frequency of concrete specimens was determined. The
ultrasonic pulse velocity test was used to calculate the relative dynamic modulus of
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elasticity of the specimens. Three samples were taken from each mixture to evaluate freezethaw resistance. All SCC and FR-SCC samples were cast in one lift with no mechanical
consolidation, while SWC and FR-SWC samples were consolidated with 20 strikes using
10 mm rode [3]. The samples were stored under wet burlap and plastic sheets for 24 hours.
The samples were then demolded and were moist cured until testing date after 28 or 56
days.
Three 75 × 75 × 285 mm prismatic specimens were taken for each mixture to be
tested for drying shrinkage in accordance with ASTM C 157. The prisms were cured for
seven days. Autogenous shrinkage was measured in accordance with ASTM C 1698.
specimens were cast in corrugated deformable plastic tubes. A digital type extensometer
was used for both autogenous and drying shrinkage measurements. The prisms and tubes
were stored in a temperature and humidity-controlled room with a temperature of 23 ± 1.7
°C and relative humidity of 50% ± 4%. Autogenous and drying shrinkage were monitored
for one year. Only mortar was used for this test minor amount of fibers may pass through
the sieve, however most of the samples were non-fibrous.
Restrained shrinkage was evaluated in accordance with ASTM C1581. The test
consisted of two 150-mm high concentric rings: an inner steel ring with a thickness of 12.5
mm and a diameter of 330 mm, and an outer cardboard ring measuring 406 mm in diameter.
Two rings were fixed using bolts with eccentric washers. Concrete was cast between the
two rings. Upon transfer of the test specimens to the testing environment (temperature and
humidity-controlled room with a temperature of 23 ± 1.7 °C and relative humidity of 50%
± 4%), immediately the bolts with eccentric washers were loosened, and the washers were
rotated so they were not in contact with the steel ring and outer ring. Some of the rings
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were left to cure for only 1 day and others for 7 days by covering them with wet burlap.
Three strain gauges were attached to the inner surface of the steel ring to monitor stress
development induced by the restrained shrinkage of the concrete. The steel strain was
recorded directly after casting the rings with subsequent readings taken every 20 minutes
using a data accusation system until the concrete cracked. A sudden decrease in steel strain
was taken as a sign of shrinkage cracking in the concrete. The first crack width was
measured for all the rings using an optical crack meter since the first crack was inspected.
The crack width was measured on daily basis up to the end of the test (50 days).
3.3.5

Structural Behavior Test Methods. A loading system with hydraulic

jacks and a load cell of 2225 kN (maximum capacity) closed- loop MTS actuator was used
to test beams under four-point bending. The actuator was supported by a steel frame and
the load was transferred from the actuator to the tested beam through a steel spreader Ibeam applied on the full width of the beam. The beam supported at two points 225 mm
from the both ends and loaded in the middle using two-point loads separated by 300 mm.
An automatic data acquisition system wired to a computer was used to read and record
electronically the loads as a function of different strains (deflection, strains of compressive
concrete and tension steel reinforcement). The beams were monolithically loaded at a
controlled displacement of 12.5 mm/min up to the failure. The beam was externally
instrumented using concrete attached strain gauge at the top surface of the beam as well as
an LVDT to monitor the beam deflection at the mid-span. Every steel reinforcing bar was
instrumented using a strain gauge at the mid-span. The test was paused every 22.25-kN
loading to monitor the maximum crack width until reaching peak load or 25-mm deflection.
After reaching peak load or 25-mm deflection the test was paused every 12.5-mm
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deflection to monitor the maximum crack width. The maximum crack width was measured
using an optical crack meter. The test was stopped when beams reached 75-mm deflection
or failure. Beam was considered failed when it reached 50% of the peak load.

3.4

IN-SITU DATA ACQUISITION
A bridge deck was instrumented with embedded strain gauges, relative humidity

sensors, and thermocouples to monitor concrete strains, relative humidity, and temperature,
respectively. Each of the six sets of the sensor towers had 18 sensors attached onto a plastic
frame. Six concrete embedded strain gauges were placed on each tower, near the top,
middle, and bottom sections of the concrete deck in both the longitudinal and transverse
directions. Another set of six strain gauges were put directly adjacent to the reinforcing
steel bars in order to determine the strains of the concrete near the reinforcing bars. Three
of these strain gauges were placed in the longitudinal direction and another three in the
transverse direction. Three relative humidity sensors were added to each tower near the
top, middle, and bottom levels. Three thermocouples were also used at each tower near the
top, middle, and bottom levels. Six sensor towers were positioned at different locations of
the concrete deck around the intermediate bent, where high tensile stresses are expected.

3.5

COEFFICIENT OF THERMAL EXPANSION
Two 3.75 × 8 in. cores were taken from a mock-up slab to measure the coefficient

of thermal expansion (CTE). The cores dimensions were not matching the standard CTE
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test (AASHTO 336-09). A customized test was performed using surface attached strain
gauges and thermocouples attached to the cores surface and hooked to a data accusation
system. The samples were submerged in water and were put in a temperature control
chamber.

3.6

FINITE ELEMENT MODELING
A 3D finite element model (FEM) was developed using SAP2000 to predict the top

and bottom strains in the concrete deck due to the self-weight of the bridge in the
longitudinal and transverse directions. Only area elements were used to model this bridge.
The bridge deck was divided into elements above the girders where the mesh thickness was
equivilant to the slab thickness plus the upper flange thickness as well as elements between
the girders with a thickness equivilant to the slab thickness.
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4

4.1

PERFORMANCE BASED DESIGN OF FIBER-REINFORCED CONCRETE
WITH ADOPTED RHEOLOGY MADE WITH EXPANSIVE AGENTS

RESEARCH SIGNIFICANCE
SCC mixture design involves the use of high cement paste, which can lead to

greater level of drying shrinkage and higher risk of cracking compared to CVC. Due to its
high workability, SCC is especially adapted for repair applications involving highly
restricted placement conditions. Proper design of SCC necessitates high filling ability, high
passing ability, and high stability, which requires high cement paste and reduction in
aggregate volume, and lower size aggregates. This can increase the risk of shrinkage and
cracking. SWC is a new class of high-performance concrete with adapted rheology that can
be proportioned with a lower paste content compared to SCC. Unlike SCC, SWC requires
some consolidation during placement, which is considerably lower than CVC [57]. SWC
requires some mechanical consolidation to ensure proper filling of the formwork. SWC can
therefore exhibit a lower risk of drying shrinkage and restrained shrinkage cracking
compared to SCC.
The incorporation of fibers into concrete provides an effective method to reduce or
prevent cracking. Fibers can also reduce crack width (Wcr) once cracking has occurred or
increase the crack bearing capacity [5]. Expansive agent (EA) can supply an expansive
strain that may compensate for the shrinkage of concrete [58]. Sun et al. [59] studied the
effect of hybrid fibers and EA on the shrinkage and permeability of concrete. The authors
proposed a high-performance concrete (HPC) incorporated with EA and hybrid fibers
consisting of steel fibers, polyvinyl alcohol fibers, and polypropylene fibers. The HPC
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made with both the EA and fibers produced the best results for shrinkage and permeability
resistance compared to HPC made with hybrid fibers or EA alone. Kassimi and Khayat [6]
studied the potential of cracking resistance enhancement of different SCC and different
FR-SCC mixtures using restrained shrinkage specimens. The investigated parameters
included the use of EA or shrinkage-reducer admixture (SRA), fiber volume (Vf) of 0 and
0.5%, and two types of fibers (polypropylene and steel fibers). The lowest cracking
potential was observed with SCC mixture made with both steel fibers and EA, which led
to a net time-to-cracking (tcr) of 36 days, which reflects low cracking potential. Such
concrete also exhibited the narrowest crack width (Wcr) of 83 μm at the time of cracking
compared to 2.6 days and 160 μm for SCC without EA or fiber. See et al. [60] classified
the cracking potential of concrete into high, moderate-high, moderate-low, and low if tcr
correspond to <7, 7 to 14, 14 to 28, and >28 days, respectively. The evaluated mixtures
included normal-strength concrete made with a water-to-cementitious materials ratio
(w/cm) of 0.45 and 0.55, and HPC with a w/cm of 0.35 and 0.30.
The use of supplementary cementitious materials (SCMs) can influence the
expansion characteristics of SCC made with EA. The effect of EA in reducing shrinkage
is enhanced by increasing the dosage SCMs properly [61]. Peiwei et al. [62] investigated
the effects of fly ash (FA) and MgO-type expansive agent on shrinkage and expansion of
concrete made with high magnesia cement. The results showed that the use of FA decreased
shrinkage and expansion produced by the MgO-Type EA. The shrinkage strain of concrete
with 50% FA replacement was about 33% less than that of specimens made without any
FA. Zhang and Li [63] studied the effects of slag cement and FA on restrained expansion
and compressive strength of concrete made with sulphoaluminate EA. The authors reported
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that both restrained expansion rate and strength decreased with the use of SCMs and EA.
Aiguo et al. [64] studied the effect of the combination of steel fibers and MgO-Type EA
on expansion, compressive strength, splitting tensile strength, permeability, and porosity
of concrete. Expansion caused by the use of MgO-Type EA under restraining of fibers
decreased the pore volume and pore size of the hydrated cement paste. The pore volume of
mortar in steel fiber reinforced concrete made with MgO-Type EA decreased by 39%
compared to concrete containing EA only. The authors also reported that the reinforcing
effect produced by the combination of EA and fibers improved the performance of
concrete. Compressive and splitting tensile strengths of concrete made with fibers and EA
were found to increase by approximately 20% and 55%, respectively, at 7 days and 15%
and 40%, respectively at 28 days, compared to plain concrete. The 28-day permeability
coefficient, Kt, depth of penetration, L, and porosity of concrete decreased by about 40%,
20%, and 15%, respectively.
The incorporation of fibers into SCC can limit workability, especially beyond a
certain Vf (0.5%) [5]. SWC is a type of flowable concrete that exhibits less workability than
SCC. SWC is made with a lower binder content compared to SCC and can be proportioned
with Vf up to 0.75% [5], that may secure further enhancement in tensile strength, flexural
strength, ductility, and restrained shrinkage resistance. Another benefit of using fiberreinforced super workable concrete (FR-SWC) over FR-SCC, beside the possibility of
increasing fiber volume, is the lower risk of shrinkage due to the higher aggregate-to-binder
ratio of the FR-SWC.
For proper filling capacity of the formwork, limited degree of mechanical
consolidation of SWC is required. Khayat et al. [3] studied different degrees of mechanical
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consolidation for FR-SWC cylindrical specimens measuring 100 × 200 mm that were cast
in a single layer and rodded using a 10-mm steel rod and compared to mechanical
consolidation over vibrating table for 20 and 25 seconds. Image analysis was carried out
on longitudinally saw-cut surfaces to evaluate segregation as a function of mode of
consolidation. The surface quality of the samples was investigated for signs of bleeding
and honeycombing. The authors found that casting cylinders in one layer and consolidating
them with 20 strikes using a 10-mm steel rod can provide sufficient energy to strength and
surface properties without segregation.
Achieving optimum mixture proportioning for FR-SCC and FR-SWC made with
EA necessitates good understanding of the level of SMCs replacement, type, and dosage
of EA on workability, mechanical properties and shrinkage of concrete. Limited
information exists regarding mixture design optimization of FR-SCC and FR-SWC made
with EA. An experimental program was undertaken to optimize mixture proportioning of
FR-SCC and FR-SWC made with EA based on workability, mechanical properties, and
shrinkage behavior, including restrained shrinkage.

4.2

EXPERIMENTAL PROGRAM
4.2.1

Materials. A Type I/II ordinary portland cement (OPC) and a Class C FA

was employed. Two types of EA were used: Type-G EA and Type-K EA. Refer to Section
3 for material properties. One Type of fiber was added to both FR-SCC and FR-SWC at Vf
of 0.5%.
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4.2.2

Mixture Proportioning.

The mixture proportioning is based on the

approach proposed by Voigt et al. [25] to calculate the average thickness of the matrix layer
(tm) enveloping fibers and coarse aggregate particles on the basis of the multi-aspect
concept as represented by Equation (3-1). The average thickness of the matrix covering the
fibers and the aggregate was expressed using Equation (3-2). That involves the increase in
mortar content to maintain the same thickness of mortar around the coarse aggregate and
the fiber in FRC as that of mortar around the coarse aggregate in non-fibrous mixture.
jklm.n kH o0NnGG p/qr10

𝑡. = skq/l EmrH/Nn trn/ kH ^1unrG /2& />>rn>/qnG
𝑡. =

jJ (jW (jb (jw
tW xtb

(3-1)
(3-2)

This approach was used to adjust the mixture proportioning of the FR-SCC and the
FR-SWC based on the SCC and SWC mixture design, respectively. The total binder
content was first optimized for the FR-SWC mixture for every binder composition, where
the optimum binder content with a visual stability index (VSI) of 0 or 1 was targeted, as
shown in Table 4-1. The mixture proportioning of the SCC, in exception of the binder
composition is based on recommendations offered by Khayat et al. [5] and was referred to
as SCC-0FA-0EA, as shown in Table 4-2.
The parameters considered in this study included the replacement level of the
cement by FA (0, 30%, and 50%), Vf (0 and 0.5%), the type of EA (G and K), and the
dosage of EA (0, 4%, and 8%), as shown in Table 4-2. w/cm was kept constant for all of
the mixtures at 0.42 ± 0.01. The visual stability index (VSI) was monitored before
sampling. Only mixtures with high stability and the lowest possible binder content (In the
case of FR-SWC mixtures) were sampled for further evaluation of workability and
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mechanical properties. All FR-SWC mixtures were optimized with total binder content of
380 kg/m3, except for the mixtures were with EA and no FA that contained 420 kg/m3 of
binder.

Table 4-1: Binder content and composition evaluation for FR-SWC.
Mixture
FR-SWC1a
FR-SWC1b
FR-SWC1c
FR-SWC1d
FR-SWC2a
FR-SWC2b
FR-SWC3a
FR-SWC3b
FR-SWC4a
FR-SWC4b
FR-SWC5a
FR-SWC5b
FR-SWC6a
FR-SWC6b
FR-SWC7a
FR-SWC7b

Fibers
(%)
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Total
binders
(kg/m3)
420
400
380
360
380
360
380
360
380
420
380
420
400
380
400
380

FA
(%)

EA
(%)

EA
type

0
0
0
0
30
30
50
50
0
0
0
0
30
30
30
30

0
0
0
0
0
0
0
0
8
8
8
8
8
8
8
8

G
G
K
K
G
G
K
K

HRWRA
(mL/m3)

VSI

450
680
1070
1850
1200
1750
1230
1980
2250
1715
2450
1570
650
1185
850
1270

0
0
0
1
0
1
0
1
2
0
2
0
0
0
0
0

The modified J-Ring test was carried out for the FR-SCC and FR-SWC and consists
of a ring with eight bars compared to 16 bars in the standard test (ASTM C 1621). The
slump flow and air content were measured after 10 and 70 minutes. The concrete was
agitated at 1 rpm in the mixer between the test periods.

Compressive

strength,

splitting tensile strength, and elastic modulus were determined after 28 days and 56 days
of moist curing according to ASTM C 39, C 496, and C 469, respectively, using 100 × 200
mm cylinders. FR-SWC samples were cast in one lift and rodded 20 times using 10-mm
steel rods [5].
Three 75 × 75 × 285 mm prismatic specimens were taken for each mixture to be
tested for drying shrinkage in accordance with ASTM C 157. The prisms were cured for
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seven days. Autogenous shrinkage was measured in accordance with ASTM C1698. Refer
to Section 3 for more details about the tests.
Restrained shrinkage was evaluated in accordance with ASTM C1581. Refer to
Section 3 for more details about the tests.

Table 4-2: Mixture proportions of stable mixtures.

SCC
&
FRSCC

SWC
&
FRSWC

4.3

Mixture abbreviation

Vf
(%)

SCC-0FA-0EA
SCC-30FA-0EA
SCC-30FA 4G
FR-SCC-0FA-0EA
FR-SCC-30FA-0EA
FR-SCC-50FA-0EA
FR-SCC-0FA-4G
FR-SCC-0FA-8G
FR-SCC-0FA-4K
FR-SCC-0FA-8K
FR-SCC-30FA-4G
FR-SCC-30FA-8G
FR-SCC-30FA-4K
FR-SCC-30FA-8K
SWC-0FA-0EA
SWC-30FA-0EA
SWC-30FA-4G
FR-SWC-0FA-0EA
FR-SWC-30FA-0EA
FR-SWC-50FA-0EA
FR-SWC-0FA-4G
FR-SWC-0FA-8G
FR-SWC-0FA-4K
FR-SWC-0FA-8K
FR-SWC-30FA-4G
FR-SWC-30FA-8G
FR-SWC-30FA-4K
FR-SWC-30FA-8K

0
0
0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0
0
0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Binder
content
(kg/m3)
475
475
475
475
475
475
475
475
475
475
475
475
475
475
380
380
380
380
380
380
420
420
420
420
380
380
380
380

FA
(%)

EA
(%)

EA
type

Sand
(kg/m3)

Agg.
(kg/m3)

VMA
(ml/m3)

HRWR
(ml/m3)

AEA
(ml/m3)

0
30
30
0
30
50
0
0
0
0
30
30
30
30
0
30
30
0
30
50
0
0
0
0
110
105
110
105

0
0
4
0
0
0
4
8
4
8
4
8
4
8
0
0
4
0
0
0
4
8
4
8
4
8
4
8

G
G
K
K
G
G
K
K
G
G
G
K
K
G
G
K
K

745
745
745
780
780
780
780
780
780
780
780
780
780
780
860
860
860
905
905
905
880
880
880
880
905
905
905
905

747
747
747
690
690
690
690
690
690
690
690
690
690
690
850
850
850
765
765
765
715
715
715
715
765
765
765
765

4285
4285
4285
4285
4285
4285
4285
4285
4285
4285
4285
4285
4285
4285
2145
2100
2100
2145
2145
2145
2145
3570
2500
2500
2500
2500
2500
2500

1430
1350
1280
1945
1430
1430
1760
1660
1890
1790
1335
1570
1660
1715
1070
850
1045
930
1200
1230
1930
1715
1645
1570
1270
1185
1230
1270

140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
110
70
95
100
100
65
70
70
85
80
80

RESULTS AND DISCUSSION
4.3.1

Fresh Properties.

Table 4-3 summarizes the fresh properties and

mechanical properties of the 28 investigated mixtures. The mixtures with 30% FA showed
better performance compared to mixtures without FA or with 50% FA, so 30% fly ash
replacement was selected. The fresh air volume varied between 6.1% and 9.0%. The loss
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of air content between 10 and 70 minutes did not exceed 0.5%. All mixtures were stable
with a VSI of 0 or 1. Minor bleeding was observed for some mixtures, and was less than
1.15%. All mixtures had sieve stability index lower than 15%, which considered high
stability [65]. As expected, the incorporation of fibers had a negative effect on passing
ability; however, it was still in the acceptable range. All of the FR-SCC and FR-SWC
mixtures had an acceptable passing ability index (D/a) of more than 12 [51]. The different
proportioning of binders did not have a significant effect on the passing ability of either
FR-SCC or FR-SWC (12.1 < D/a < 14.7). The use of the Type-K EA lead to a high degree
of loss of workability with time compared to the reference mixture made without any EA
or with Type-G EA. The FR-SCC mixture without any EA lost 22% of the slump flow in
60 minutes. The FR-SCC mixture with 4% Type-G EA lost 8% of the slump flow in 60
minutes compared to 50% in the case of 8% Type-K EA. This can be due to the formation
of ettringite that leads to sharp loss in free water and workability, which can be problematic
in mixtures with w/cm less than 0.5.
4.3.2

Mechanical Properties. Table 4-3 summarizes the compressive and the

splitting tensile strengths for the FR-SCC and FR-SWC mixtures at 28 and 56 days. The
56-day compressive and splitting tensile strengths for the mixtures with 30% FA
replacement were by 60% and 40% higher than those with 50% FA replacement in FRSCC, respectively. In the case of FR-SWC, the 56-day compressive and splitting tensile
strengths for the 30% FA mixtures were 140% and 145% higher than those of 50% FA
replacement, respectively. The FR-SCC mixtures made with EA and 30% FA
replacement showed up to 20% and 30% increase in compressive and splitting tensile
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strengths, respectively, compared to mixtures with 0% FA replacement. Such increase
was up to 5% and 15%, respectively, in the case of FR-SWC.
Mixtures made with 4% Type-G EA developed the highest splitting tensile strength
in the case of FR-SWC (10% increase compared to FR-SWC made without any EA), while
the 8% Type-K showed higher splitting tensile strength with FR-SCC (7% increase
compared to FR-SCC made without any EA). Mixtures incorporating 8% Type-K EA
showed the highest compressive strength for both concrete types; however, the difference
in mechanical properties for the mixtures with 4% Type-G and Type-K was not significant.
The use of fibers increased the splitting tensile strength by up to 40% and 60% in the case
of FR-SCC and FR-SWC, respectively. Mixtures with 30% FA replacements were selected
further testing of concrete with the two types of EA (Type-G and Type-K) incorporated at
dosage ratios of 0%, 4%, and 8%, by mass of binder.
As mentioned in the previous section, the mixtures made with 30% FA replacement
were selected over those mixtures made with 0% and 50% FA replacement due to their
higher mechanical properties and lower total binder content. The selected mixtures were
tested for drying shrinkage and autogenous shrinkage. Figures 4-1 and 4-2 show the
autogenous shrinkage over time for the FR-SCC and FR-SWC mixtures, respectively. The
FR-SCC and FR-SWC mixtures made with Type-K EA showed higher expansion
compared to those made with Type-G EA. For mixtures made with Type-K EA, the
expansion reached 500 and 440 micro-strains for FR-SCC and FR-SWC, respectively.
Mixtures made with Type-G EA developed 95% of the expansion in the first three days,
however the expansion rate beyond that third day of moist curing was not significant,
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unlike the case with the mixtures made with Type-K EA in which the rate of expansion
was constant over the seven days of moist curing.

Table 4-3: Fresh properties and mechanical properties.

S
C
C
&
F
R
S
C
C

S
W
C
&
F
R
S
W
C

Mixture abbreviation

VSI

flow
10
min.
(mm)

flow
70
min.
(mm)

Unit
weight.
(kg/m3)

Air
10
min.
(%)

Air
70
min.
(%)

D/a
10
min.

SCC-0FA-0EA

0

680

510

2198

6.6

6.5

SCC-30FA-0EA

0

670

530

2155

8.0

SCC-30FA-4G

0

675

580

2145

8.2

FR-SCC-0FA-0EA

0

660

530

2158

FR-SCC-30FA-0EA

0

670

520

FR-SCC-50FA-0EA

0

670

FR-SCC-0FA-4G

0

FR-SCC-0FA-8G
FR-SCC-0FA-4K

Blee
-ing
(%)

Sieve
Stab.
(%)

21.8

0.43

6.5

8.1

22.0

0.33

6.8

8.1

22.3

0.1

6.1

7.6

7.8

12.7

0

3.9

2218

6.6

6.9

13.1

0.74

4.4

510

2185

5.7

5.1

13.5

1.14

6.0

665

600

2210

6.8

6.4

12.7

0.68

2.3

0

665

560

2189

7.5

7.9

12.6

0.07

6.0

0

670

410

2166

6.5

6.9

12.3

0

3.2

FR-SCC-0FA-8K

0

670

330

2243

6.2

6.3

12.2

0.26

2.2

FR-SCC-30FA-4G

0

690

640

2216

6.5

5.9

13.5

0.65

3.4

FR-SCC-30FA-8G

0

680

610

2195

7.0

7.1

13.2

0.30

8.5

FR-SCC-30FA-4K

0

660

440

2221

6.2

6.3

12.7

0.18

8.5

FR-SCC-30FA-8K

0

700

350

2229

6.2

6.5

12.3

0.2

7.1

SWC-0FA-0EA

0

510

280

2195

8.0

7.7

19.1

0

3.1

SWC-30FA-0EA

0

500

275

2188

9.0

8.9

20.0

0

4.4

SWC-30FA-4G

0

540

325
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fc’
28 d
(MPa)
[CV]
(%)
32.5
[4.6]
33.1
[4.1]
36.9
[3.6]
26.9
[4.5]
36.8
[5.3]
19.0
[7.6]
25.7
[6.4]
28.5
[5.6]
29.4
[4.9]
40.0
[3.2]
36.8
[5.6]
34.9
[7.9]
37.5
[6.5]
41.9
[6.6]
23.1
[5.6]
22.6
[5.2]
27.5
[5.1]
37.0
[5.3]
35.0
[7.1]
14.8
[6.6]
37.7
[5.5]
32.5
[5.9]
36.1
[7.6]
38.6
[6.2]
39.4
[6.5]
36.9
[3.6]
39.2
[4.2]
40.8
[7.8]

fc’
56 d
(MPa)
[CV]
(%)
37.1
[3.1]
39.1
[3.2]
39.9
[2.8]
39.2
[4.1]
39.2
[3.4]
24.3
[4.9]
37.6
[4.6]
32.9
[4.7]
33.0
[4.3]
41.4
[2.6]
39.7
[3.9]
36.4
[6.2]
39.7
[5.3]
43.0
[5.1]
24.6
[4.6]
25.2
[4.1]
31.7
[4.2]
39.9
[3.9]
39.7
[6.2]
16.3
[5.4]
40.3
[4.1]
37.2
[4.7]
39.9
[5.9]
40.9
[4.8]
40.9
[6.1]
38.8
[2.3]
40.3
[3.3]
42.3
[5.5]

ft
28 d
(MPa)
[CV]
(%)
2.1
[3.8]
2.0
[4.9]
2.2
[4.6]
3.6
[3.6]
4.2
[4.1]
3.1
[5.6]
4.6
[4.6]
3.0
[6.6]
2.9
[2.6]
3.8
[4.6]
4.3
[4.7]
3.8
[4.9]
3.2
[5.6]
4.7
[7.6]
2.2
[3.7]
2.3
[4.9]
2.6
[5.9]
3.7
[4.1]
3.5
[5.5]
1.8
[4.2]
3.4
[4.7]
3.4
[5.1]
3.6
[6.3]
3.8
[4.5]
3.9
[5.9]
3.2
[2.4]
3.7
[3.9]
4.0
[4.2]

ft
56 d
(MPa)
[CV]
(%)
2.9
[2.9]
3.1
[3.2]
3.2
[3.5]
3.7
[2.2]
4.4
[3.3]
3.1
[4.1]
4.3
[4.6]
3.1
[5.2]
3.2
[1.1]
4.2
[3.1]
4.5
[2.8]
4.1
[3.4]
3.3
[4.1]
4.8
[6.2]
2.3
[3.1]
2.4
[3.9]
3.3
[4.3]
3.7
[2.9]
3.9
[4.2]
1.6
[3.6]
3.7
[3.2]
3.5
[4.3]
4.0
[4.1]
4.1
[3.8]
4.3
[4.4]
3.9
[1.9]
4.1
[2.1]
4.2
[3.6]

*CV stands for coefficient of variation

The drying shrinkage samples were demolded after one day and the initial readings
were recorded at that time. Since the investigated mixtures were made with EA and
considerable strain is expected during the first day, the strain of the drying shrinkage
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samples during the first day before demolding was not neglected. The strain of those
prismatic samples during the first day can be assumed to be equivalent to autogenous
shrinkage as the prisms were under curing during the first day and up to seven days. The
total shrinkage at each day was determined as the summation of the first day autogenous
shrinkage and the drying shrinkage reading that started after the first day as shown in

Autogenous shrinkage (µm/mm)

Figures 4-3 and 4-4.
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Figure 4-1: Autogenous shrinkage and expansion for selected FR-SCC mixtures (4.2% <
CV < 7.2).
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Figure 4-2: Autogenous shrinkage and expansion for selected FR-SWC mixtures (3.1% <
CV < 6.7).

Mixtures made with fibers and EA exhibited up to 60% lower total shrinkage after
one year. The type and the dosage of the EA had no significant effect on such reduction.
Figures 4-4-b and 4-5-b show the first 35 days of shrinkage deformation for the FR-SCC
and FR-SWC mixtures. The use of fibers decreased the expansion for mixtures made with
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EA and fibers, but it had a positive impact on shrinkage reduction. The net effect of using
fibers and EA had the most significant effect on decreasing the total shrinkage (up to 60%
depending on the type of EA and the type of concrete). The incorporation of fibers without
EA decreased the total shrinkage by 20% in the case of FR-SCC and by 10% in the case of
FR-SWC. The use of 4% Type-G EA without fibers decreased the total shrinkage by about
50% for both concrete types. As in the case of autogenous shrinkage, mixtures made with
Type-G EA developed 95% of the expansion in the first three days, and the mixtures made
with Type-K EA had a constant rate of expansion over the seven days of moist curing.
All mixtures made with either type of EA showed sharp drop in total shrinkage.
However, mixtures made with Type-G EA were further developed given the sharp loss in
workability associated with the use of Type-K EA. The FR-SCC and FR-SWC mixtures
made with 4% Type-G EA were selected over those with 8% Type-G EA since the lower
EA dosage resulted in slightly greater mechanical properties and adequate shrinkage
performance.
4.3.3

Elastic Modulus. Four optimized FR-SCC mixtures were selected to

evaluate elastic modulus and restrained shrinkage as shown in Table 4-4. The two tests
were also performed on the reference SWC mixture to investigate the effect of the binder
content on restrained shrinkage of FR-SWC. The elastic modulus was tested after 3, 7,
28, 56, and 91 days of moist curing.
Figure 4-5 shows the variations in elastic modulus with time results for the
investigated mixtures. The 3-day elastic modulus varied between 15.45 and 18.18 GPa with
the FR-SCC mixture made with EA recording the highest value of 18.18 GPa. The 91-day
elastic modulus varied between 28.20 and 30.87 GPa with the SCC mixture made with EA
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recording the highest value of 30.87 GPa. Neither fibers nor EA had a significant effect on
the elastic modulus at any age for the five concrete mixtures, where the variation between
mixtures was around ± 2.67 GPa.
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Figure 4-3: Drying shrinkage and expansion for selected FR-SCC mixtures (2.1% < CV <
4.7).
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Figure 4-4: Drying shrinkage and expansion for selected FR-SWC mixtures (3.2% < CV
< 5.3).
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Table 4-4: Elastic modulus and restrained shrinkage results.
Mixture
abbreviation

SCC-30FA-0EA
SCC-30FA-4G
FR-SCC-30FA-0EA
FR-SCC-30FA-4G
SWC-30FA-0EA

E
3d
(GPa)
[CV]
(%)
17.45

E
7d
(GPa)
[CV]
(%)
22.13

E
28 d
(GPa)
[CV]
(%)
26.70

E
56 d
(GPa)
[CV]
(%)
29.30

E
91 d
(GPa)
[CV]
(%)
29.87

[3.2]

[2.9]

[2.1]

[1.7]

[1.1]

18.14

22.88

27.20

30.30

30.87

[4.2]

[3.1]

[2.8]

[2.2]

[1.3]

17.73

22.16

26.60

28.10

28.56

[5.4]

[6.1]

[4.2]

[3.1]

[2.4]

18.18

22.38

26.30

27.80

28.20

[3.1]

[4.9]

[2.8]

[2.1]

[1.7]

15.45

20.21

25.90

27.90

28.59

[7.8]

[6.5]

[5.4]

[6.3]

[3.2]

tcr
(day)

First
crack
Width
(µm)

12.5

170

Max.
crack
Width at
50-days
(µm)
520

20.0

125

490

17.0

135

135

36.5

80

80

16.5

140

480

*CV stands for coefficient of variation

4.3.4

Restrained Shrinkage. The steel ring strain profiles of the investigated

mixtures in the restrained shrinkage test are plotted in Figure 4-6. A sudden drop in the
positive strain at the seventh day corresponds to the end of curing, where the expansion
ends and rings start to shrink due to drying shrinkage. The cracking potential of concrete
is dependent on the combination of several factors, including autogenous and drying
shrinkage, modulus of elasticity, tensile strength, and creep. As expected, the SCC mixture
without any EA and fiber exhibited the lowest restrained shrinkage resistance and had a tcr
of 12.5 days given its highest shrinkage and elastic modulus at early age, and lowest tensile
strength. The SWC mixture, with a lower cement content compared to SCC, exhibited
lower shrinkage and higher restrained shrinkage resistance with tcr of 16.5 days compared
to SCC mixture with tcr = 12.5 day. The use of EA without fibers increased the tcr to be 20
days; that increase was lower in the case of using fibers but no EA (tcr = 17 day). These
results are in agreement with Soo-Duck and Khayat (2014) [66, 67]. The combined use of
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fibers and EA led to the highest enhancement of restrained shrinkage resistance with tcr =
36.5 day.
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Figure 4-5: Variations elastic modulus.

Figure 4-7 shows a direct relationship between time to crack and crack width. The
maximum first crack width of 170 µm was measured at tcr = 12.5 day for the SCC mixture
without any fibers and EA. The narrowest first crack width of 85 µm was measured at tcr =
36.5 day for the FR-SCC mixture made with EA and fibers. All non-fibrous mixtures
exhibited enlargement of the first crack that reached a value between 480 and 520 mm at
50 days. On the other hand, the first crack width of the fibrous mixtures remained constant
up to 50 days. This is because fibers worked as steel reinforcement for the FRC; once
concrete reached tensile strength and first crack-initiated steel fibers started to bridge that
crack and carry the load, hence prevented further enlargement of the crack.
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The induced tensile stress due to the restrained shrinkage of concrete can be
calculated by knowing the measurements of the concrete and the steel rings as well as the
elastic modulus of the steel ring using Equations (4-3) and (4-4) [60, 68].

sq (𝑡) = 𝐺𝜀Gq (𝑡) = 𝐺Ñ𝜀Gœ (𝑡) − 𝜀n (𝑡) − 𝜀NS (𝑡)Ò
𝐺=

(4-3)

o[‡ r*J œ[‡

(4-4)

r*[ œJ

where est (t) is the steel ring strain in at time t; ecp (t), esh (t), and ee (t) are tensile creep
strain, the free total deformation strain, and elastic strain, respectively, at time t; G is a
constant for the ring properties and dimensions; Est = elastic modulus of the steel ring (200
GPa); and hc and hst are the thicknesses of the concrete and steel rings, respectively; ric and
ris refer to the inner radii of the concrete and steel, respectively.
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Figure 4-6: Variations of steel ring strain due to shrinkage of concrete as a function of
time.
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Figure 4-8 shows the induced tensile stress in the concrete due to shrinkage that
was computed using the steel ring strain shown in Figure 4-6. Unlike non-fibrous SCC, the
FR-SCC mixture made with EA was able to resist more induced tensile stresses due to
shrinkage after cracking, while the non-fibrous SCC and SWC mixtures did not resist any
tensile stress beyond cracking.
Figure 4-9 shows the shrinkage cracking resistance index, which consists of the
integration of induced tensile stress over time during restrained shrinkage testing. The FRSCC mixture made with the optimized EA showed the highest index. In the case of fibrous
mixtures, the index increased with time since these mixtures was able to restrain loads after
cracking. On the other hand, that the index did not increase with time in the case of the
non-fibrous mixtures. Once the non-fibrous SCC and SWC rings cracked, the shrinkage
cracking resistance index started to be constant.

Induced tensile stress (MPa)
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Figure 4-8: Induced tensile stress due to shrinkage of concrete as a function of time.
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4.3.5

Tensile Creep Coefficient. Knowing the steel ring strain as a function of

time (Figure 4-6), the free total deformation of the concrete as a function of time (Figure
4-4), and the variations elastic modulus of concrete as a function of time (Figure 4-5), the
variations of tensile creep coefficient (𝐶r (𝑡)) of the investigated concrete mixtures can be
computed using Equation (4-5) [5, 32], where Ec(t) is the modulus of elasticity of the
concrete at time t.
𝐶r (𝑡) =

oJ (q)r*[ œJ Õ[Ö (q)
o[‡ r*J œ[‡

ÔÕ

[‡ (q)

− 1× − 1

(4-5)

Figure 4-10 shows the variations of the calculated Cr(t) for the investigated
mixtures. The Cr(t) is one of the factors affecting the risk of cracking under restrained
shrinkage, in addition to total shrinkage, tensile strength, and elastic modulus [69].
Similarly, concrete mixtures with higher total shrinkage and elastic modulus can exhibit
higher cracking potential if the other two factors (tensile strength and Cr(t)) are constant.
Concrete with higher tensile strength and Cr(t) can develop lower cracking potential if the
other two factors (total shrinkage and elastic modulus) are constant.
The values of the stabilized tensile creep coefficient (Cr) for the tested mixtures
varied significantly between 0.3 to 0.45. The lower total binder content in the SWC mixture
compared to SCC mixture led to lower Cr; however, the lower total shrinkage of the former
mixture led to lower cracking potential. The use of EA decreased Cr of the SCC-30FA-4G
mixture by 10%. On the other hand, the incorporation of EA slightly increased Cr of the
concrete and led to significant decrease of total shrinkage by 50%; the net effect on
restrained shrinkage resistance was positive, tcr increased from 12.5 to 20 days. The use of
fibers significantly increased the splitting tensile strength of the FR-SCC-30FA-0EA
mixture by 40% and Cr by 12.5% and slightly decreased total shrinkage with a positive net
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effect on restrained shrinkage resistance, where tcr increased from 12.5 to 36.5 days.
Combining the use of EA with fibers in the FR-SCC-30FA-4G mixture provided the
concrete with 45% higher tensile strength, 7.5% higher Cr, and 60% lower total shrinkage,
which resulted in lower cracking potential, where tcr increased from 12.5 to 36.5 days.
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Figure 4-10: Variations of tensile creep coefficient as a function of time.

4.4

REMARKS
A comprehensive study was carried out for the optimized FR-SCC and FR-SWC

mixtures to investigate the effect of fiber and/or EA type and dosage on key factors
affecting key fresh and hardened concrete properties. Based on the test results reported
herein, the following conclusions can be warranted:
1. The 24 investigated FR-SCC and FR-SWC mixtures had acceptable passing ability
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(D/a) varying between 12.1 and 14.7. The binder composition did not have a
significant effect on the passing ability.
2. The use of the Type-K EA led to high degree of workability loss with time compared
to the reference mixture made without any expansive agent or with Type-G EA,
where the FR-SCC mixture without any EA lost 22% of the slump flow in 60
minutes. That loss was 8% in the case of the FR-SCC mixture with 4% Type-G EA
compared to 50% in the case of 8% Type-K EA.
3. The optimized total binder content for the FR-SWC mixture was 380 kg/m3 binders,
which consisted of 30% Class C FA and 4% Type-G EA, by mass. The binder
composition of the optimized FR-SCC was same as FR-SWC; however, the total
binder content was 475 kg/m3.
4. The mixtures made with fibers exhibited increase in splitting tensile strength by 40%
± 3% in the case of FR-SCC and 60% ± 4% in the case of FR-SWC. However, the
use of EA alone did not have a significant effect on the splitting tensile strength.
Neither fibers nor EA had a significant effect on the elastic modulus.
5. Mixtures made with Type-G EA developed 95% of the expansion in the first three
days of moist curing; the expansion rate for the last four days of most curing was
limited thereafter. Mixtures made with Type-K EA had constant rate of expansion
over seven days of moist curing.
6. The use of fibers only, in the absence of EA, decreased shrinkage by 20% ± 4% in
the case of FR-SCC and by 10% ± 2% in the case of FR-SWC. The addition of 4%
Type-G EA without any fibers decreased the total shrinkage by about 50% ± 6%
for both concrete types. The use of fibers decreased expansion and shrinkage for
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mixtures made with EA leading to the highest decrease in total shrinkage (up to
60% ± 4% depending on the type of EA and the type of concrete).
7. The use of EA without any fibers increased tcr from 12.5 to 20 days. The FR-SCC
mixture without any EA had a tcr of 17 days. The combined effect of fibers and EA
had the highest increase in restrained shrinkage resistance with tcr of 36.5 days. A
direct relationship between time to crack and crack width was observed.
8. Non fibrous mixtures had a first crack width between 125 and 170 µm. These
mixtures exhibited a sudden enlargement of the first crack that reached a value
between 480 and 520 mm at 50 days. On the other hand, the first crack width of the
fibrous mixtures, that varied between 80 and 135 µm, remained constant up to the
end of test (50 days).
9. The use of EA decreased the Cr of SCC by 10% and significantly decreased of total
shrinkage by 50% ± 6% resulting in increasing tcr from 12.5 to 20 days.
10. The use of fibers significantly increased the splitting tensile strength of SCC by
40% ± 3% and Cr by 12.5% leading to a positive net effect on restrained shrinkage
resistance, where tcr increased from 12.5 to 36.5 days.
11. Combining the EA with fibers provided FR-SCC with a significant enhancement
in the three factors (45% ± 4% higher tensile strength, 7.5% higher Cr, and 60% ±
4% lower total shrinkage) leading to lower cracking potential, where tcr increased
from 12.5 to 36.5 days.
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5

5.1

EFFECT OF FIBER CHARACTERISTICS ON FRESH PROPERTIES OF
FIBER-REINFORCED CONCRETE WITH ADAPTED RHEOLOGY

RESEARCH SIGNIFICANCE
Self-consolidating concrete (SCC) is proportioned with relatively high cement

paste and a low volume of coarse aggregate compared to conventional vibrated concrete
(CVC). The content of cement paste in SCC can range between 400 to 500 kg/m3 [5, 26,
45, 70]. Super-workable concrete (SWC) refers to concrete with higher workability than
conventional high-performance concrete (HPC) that requires limited mechanical
consolidation to ensure proper filling of the formwork. On the other hand, SCC can
consolidate without any mechanical consolidation. SWC can be used for infrastructure
construction and can have slump flow values of 400-550 mm and considerably lower (up
to 65%) mechanical consolidation energy compared to conventional HPC to achieve proper
compressive strength [57]. Given its lower binder content, which can be limited to 400
kg/m3, SWC can have a lower paste content compared to SCC, hence reducing shrinkage
and the risk of cracking.
The use of fibers in SWC and SCC can reduce the risk of cracking, enhance
toughness, and increase energy absorption capacity. Khayat et al. [26] carried out a study
to evaluate the hardened properties of fiber-reinforced SCC (FR-SCC). Polypropylene,
hybrid, and steel ﬁbers with different ﬁber lengths that varied between 5 and 50 mm were
investigated in the FR-SCC mixtures with fiber volumes (Vf) ranging between 0.25% and
0.75%. The evaluation of the hardened properties included testing for compressive,
splitting tensile, and flexural strengths. The authors reported that fiber type and Vf had
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signiﬁcant inﬂuence on hardened properties. The incorporation of ﬁbers increased
compressive and splitting tensile strengths up to 30% and 50%, respectively. The average
residual strength (ARS) increased with the increase in ﬁber factor. The FR-SCC mixtures
made with steel ﬁbers had the highest ARS. Khayat and Roussel [29] also reported that the
use of steel fibers with Vf up to 1% in FR-SCC can significantly increase flexural
toughness.
FR-SCC can be used in construction and repair applications. An example of
application of FR-SCC is the work carried out for the repair of a 262-m long underpass in
Montreal. The repair involved the casting of FR-SCC in sections measuring approximately
200-mm in thickness on retaining walls measuring approximately 1.5 to 7 m in height. The
SCC incorporated 0.25% synthetic structural fibers that were shown to reduce cracking [4].
Khayat and Roussel [29] investigated the workability of different FR-SCC mixtures
made with various types of binary and ternary cementitious materials. The water-tocementitious materials ratio (w/cm) varied between 0.37 and 0.45. The slump flow of the
investigated mixtures varied between 650 and 530 mm. The workability tests included the
filling capacity and V-funnel flow tests. A modified MK-III concrete rheometer was used
to determine the relative yield value (g) and torque viscosity (h) considering the Bingham
flow model. The authors compared the characteristics of these flowable mixtures to those
of fiber-reinforced concrete (FRC) with a slump consistency of 200 mm. The fibrous
mixtures were prepared with steel fibers measuring 38 mm in length. The dosage of the
fibers varied between 0 and 1%, by volume. The authors reported that for a constant g value
and slump flow, the increase in Vf led to greater h and lower filling capacity values. Highly
flowable and cohesive FR-SCC mixtures with slump flow greater than 650 mm were able

123
to spread into place without blockage. Such concrete developed flexural toughness and
compressive strength similar to those of fibrous CVC. The authors recommended Vf of
0.5% as an upper limit for FR-SCC to ensure high passing ability and filling capacity [29].
The incorporation of fibers in SCC or SWC without increasing cement paste or
changing the coarse and fine aggregate contents can impede workability of both FR-SCC
and FR-SWC. Results from Khayat and Roussel [29] also showed that the volume of the
paste in FRC had a significant effect on the filling capacity of FR-SCC. Tabatabaeian et al.
[71] studied the effect of using steel and hybrid (steel and polypropylene) ﬁbers with fiber
volumes of 0.5% and 1% on the fresh properties of the high-strength SCC. They performed
the slump flow test, J-Ring test, and V-funnel test. The authors reported that the steel fibers
reduce slump flow. Higher reduction was observed when using hybrid fibers due to the
high-water absorption of the polypropylene fibers. El-Dieb et al. [72] showed that it is
possible to reach SCC consistency in FR-SCC, and that mixture proportioning and ﬁber
type can greatly affect ﬂowability. For a FR-SCC of a given composition, the authors found
that maximum ﬁber contents can be incorporated in mixtures made with different fiber
types. For example, polypropylene ﬁbers with a fiber length (lf) of 18 mm and equivalent
fiber diameter (df) of 18 um can have a maximum Vf of 1.1%, 1.33%, and 1.45% for FRSCC with binder contents of 350, 400, and 500 kg/m3, respectively. Such FR-SCC has a
maximum nominal size aggregate (MSA) of 10 mm. For the FR-SCC mixtures made with
1% Vf of straight steel ﬁbers, the maximum ﬁber factor (Vf lf /df) was 50, 90, and 100 for
binder contents of 350, 400, and 500 kg/m3, respectively.
Proper selection of materials and mixture proportioning can result in successful FRSCC that can spread into place, pass through steel reinforcement, and fill the form work
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without segregation or blockage. The paste volume should be increased to provide higher
workability, and the sand-coarse aggregate ratio should also be increased accordingly.
Ferrara et al. [15] provided recommendations for the minimum binder volume needed to
fill the space among aggregate particles and lead to certain thicknesses of paste around the
fibers and coarse aggregate particles. This layer should be thick enough to ensure the
targeted deformability with no segregation. Fiber-reinforced concrete (FRC) can be
considered to have a solid phase that includes coarse aggregate and ﬁbers in a second phase,
which is the mortar matrix [25]. Based on this two-phase material, a method for mixture
proportioning of FR-SCC was proposed by Khayat et al. [26] that reduces the volume of
coarse aggregate on the addition of ﬁbers to maintain a constant thickness of a mortar layer
(tcm) around the ﬁbers and coarse aggregates, before and after the addition of fibers.
The use of FR-SCC and FR-SWC requires special measures to evaluate
workability, including passing ability. Kassimi and Khayat [51] developed a methodology
to evaluate the passing ability of FR-SCC by modifying the standard J-Ring [51] with six
and eight bars instead of the 16-bar arrangement used in the standard J-Ring test; the six
and eight bars provide a minimum spacing of 2.5 times the fiber length for fibers measuring
30 and 50 mm, respectively. Similarly, the L-Box test, with a single bar instead of three
bars, can be used for FR-SCC to evaluate the passing ability.
The incorporation of expansive agent (EA), such as a Type-G EA based on CaO or
MgO, can decrease shrinkage. Peiwei et al. [58] studied the effect of CaO and MgO based
expansive agents on the shrinkage of roller compacted concrete. The EA dosage varied
between 4% and 12% of the mass of the cement. The authors reported that it takes around
3 and 28 days for the CaO and MgO based EA, respectively, to develop the maximum
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expansion. Upon using the CaO based EA agent, the early age shrinkage of concrete rarely
occurred due to the hydration of CaO to Ca(OH)2 upon reaction with water that causes
early age expansion. The use of fibers in combination with EA can significantly decrease
the cracking potential of FR-SCC and FR-SWC. Kassimi and Khayat [6] studied the effect
of EA and shrinkage reducing admixtures (SRA) on the workability and cracking potential
of FR-SCC. The EA and SRA were incorporated at dosages of 6% and 2%, by mass of
binder, respectively. Two different types of fibers were investigated at Vf of 0.5% for the
FR-SCC mixtures; a 50-mm kinked multifilament synthetic fiber (MU-S) and a 30-mm
hooked-end steel fiber (ST). The use of FR-SCC was shown to increase the time to cracking
and reduce the crack width determined using the ring test (ASTM C 1581) [16]. A
synergetic effect between the fibers and EA and/or SRA was reported for the FR-SCC. The
ST fibers had better performance compared to the MU-S, and the EA was better compared
to SRA in terms of time-to-cracking and crack width. The best results were obtained when
the ST fiber was added with the EA, which provided the lowest cracking potential and the
smallest crack width that appeared after 36 days.
Contradictory data were found in the literature regarding the effect of ﬁbers on the
rheological properties of FR-SCC. Yardimci et al. [73] studied the effect of incorporation
of two different types of hooked-end steel ﬁbers measuring 30 and 60 mm in length on
rheological parameters of FR-SCC. Three fiber volumes of 0.25%, 0.50%, and 0.75% were
tested in SCC with a fixed paste content but different ﬁne-to-coarse aggregate ratios (0.94,
1.72, and 2.50, by mass). The slump flow varied between 530 and 780 mm. As expected,
the increase in fiber volume decreased the rheological parameters of the FR-SCC. This
contradicts other studies [74, 75] that showed that the presence of ﬁbers resulted in increase
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of the yield stress and the plastic viscosity of FR-SCC. Kuder et al. [76] used a parallel
plate rheometer to evaluate the rheological properties of a variety of steel-fiber-reinforced
cement paste. They concluded that rheological properties decreased with the increase in
fiber volume until a critical volume fraction is reached before showing an increase.
With the growing need to produce crack-free concrete to enhance durability and
service life, FR-SWC has been proposed as a novel material for the construction of critical
infrastructure [57]. Similarly, FR-SCC has been used in repair of damaged concrete
elements. Limited information is available on the effect of fiber type and volume coupled
with the use of EA on FRC with adapted rheology, which includes FR-SCC and FR-SWC.
The study aims at evaluating the effect of ﬁber type and volume on workability and
rheological properties of FR-SCC and FR-SWC made with 4% Type-G EA. Two steel
fibers, a propylene fiber, and a hybrid of steel-polypropylene fiber were used for the FRSCC at Vf of 0.5%. Five steel fibers, a propylene fiber, and a hybrid of steel-polypropylene
fiber were used with the FR-SWC Vf of 0.5% and 0.75%. In total, six SCC and FR-SCC
mixtures and 11 SWC and FR-SWC mixtures were tested to evaluate the effect of fiber
type and content on the rheology and workability of FR-SCC and FR-SWC.

5.2

EXPERIMENTAL PROGRAM
5.2.1

Materials. A Type I/II cement and a Class C fly ash (FA) were used. The

Blaine fineness of the cement and FA were 390 and 500 m2/kg, respectively. A Type-G
expansive agent (EA) was incorporated to reduce shrinkage. Refer to Section 3 for details
about material properties.
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Seven fiber types were investigated. Table 5-1 reports the characteristics of these
fibers. This included a propylene synthetic fiber (PLP), hooked steel fibers measuring 30
mm in length (ST1) and 65 mm in length (3D), a double and triple hooked steel fiber (4D
and 5D, respectively) with lengths of 65 mm, a hybrid of crimped steel fiber and
polypropylene multifilament fiber (STPL), and a micro-macro steel fiber (STST) with 20%
micro fibers measuring 13 mm in length and 80% of the ST1 fiber. The FR-SWC mixtures
were produced with all seven fibers. On the other hand, only the ST1, STST, STPL, and
PLP fibers were used for the FR-SCC mixtures.
A polycarboxylate-based high-range water-reducer (HRWRA) with good
workability retention characteristics was used. A synthetic resin-based air-entraining
admixture (AEA) was used for air entrainment. A polysaccharide viscosity-modifying
admixture (VMA) was used to enhance stability.
5.2.2

Mixture Proportioning. Table 5-2 summarizes the mixture proportioning

of the six SCC and FR-SCC mixtures and the 11 SWC and FR-SWC mixtures. All mixtures
incorporated a Type I/II portland cement and 30% Class C FA replacement, by mass of
binder. The water-to-cementitious materials ratio (w/cm) was fixed at 0.43 in order to
secure adequate durability and mechanical properties. The HRWRA dosage was adjusted
to achieve high filling ability with slump flow values of 650 to 700 mm for the SCC and
FR-SCC mixtures and 500 to 550 mm for the SWC and FR-SWC mixtures. The VMA
dosage was adjusted to achieve high stability with a maximum visual stability index (VSI)
of 1 and a maximum surface settlement of 0.5%. The AEA dosage was adjusted to secure
an initial air content of 6% to 9%.
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Table 5-1: Characteristics of selected fibers.

Table 5-2: Mixture proportions for SCC, FR-SCC, SWC, and FR-SWC mixtures.

SCC
&
FRSCC

SWC
&
FRSWC

Mixture abbreviation

Total
Binders
(kg/m3)

FA
(%)

EA
(%)

Sand
(kg/m3)

Coarse
Agg.
(kg/m3)

VMA
(ml/m3)

HRWR
(ml/m3)

AEA
(ml/m3)

SCC-0EA
0.5ST1-SCC-0EA
0.5ST1-SCC-4G
0.5PLP-SCC-4G
0.5STPL-SCC-4G
0.5STST-SCC-4G
SWC-0EA
0.5ST1-SWC-4G
0.5-3D-SWC-4G
0.5-4D-SWC-4G
0.5-5D-SWC-4G
0.5STPL-SWC-4G
0.5STST-SWC-4G
0.5PLP-SWC-4G
0.75ST1-SWC-4G
0.75STST-SWC-4G
0.75-5D-SWC-4G

475
475
475
475
475
475
380
380
380
380
380
380
380
380
380
380
380

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

0
0
4
4
4
4
0
4
4
4
4
4
4
4
4
4
4

746
780
728
731
721
733
851
942
872
872
872
864
921
924
972
945
872

747
681
734
731
740
732
850
727
800
800
800
809
752
746
690
721
800

4182
4286
4167
4167
4167
4167
2500
2500
2500
2500
2500
2500
2500
2500
3727
3727
3727

1080
1430
1460
1875
1805
1500
1250
1730
1810
1820
1845
2045
1820
2500
2230
2275
2320

104
104
104
104
104
104
46
50
55
50
50
48
41
36
41
43
43

In order to enhance workability of the fibrous mixtures, the volume of coarse
aggregate was reduced and that of sand was increased to maintain a constant average
thickness of mortar layer (tm) over coarse aggregate and fiber particles [26]. According to
Voigt et al. [25] the value of tm can be expressed as follows:
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Equation 5-1 can be reduced to Equation 5-2 to calculate tm:
𝑡.krq/r /Hqnr =
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where V𝑜𝑙 c = volume of concrete; V𝑜𝑙 g = total volume of coarse aggregate; V𝑜𝑙 f = fiber
volume; V𝑜𝑙 v = volume of voids inside concrete; Ag = total surface area of coarse aggregate;
and Af = total surface area of fibers. The V𝑜𝑙 v term can be calculated from the packing
density of the combined coarse aggregate and fiber matrix, which can be determined using
ASTM C 29.
The total surface area of fibers is the summation of the surface areas of all fiber
particles in a given mixture, which can be calculated based on the volume and geometry of
the fibers. The total surface area of the coarse aggregate can be estimated from the grainsize distribution of the aggregate where the grain-size distribution is dived into n sizes (or
groups). Equation 5-3 and 5-4 can be used to calculate the total surface area of the coarse
aggregate, as follows:
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where 𝑑X = average diameter of coarse aggregate in group 1; %>X = percentage of coarse
aggregate having an average diameter 𝑑X , etc.
The mixture proportioning method proposed by Khayat et al. [26] was based on
reducing the volume of coarse aggregate with the addition of fibers in order to maintain a
fixed thickness of a mortar layer (tm) over the fibers and coarse aggregate. The authors
expressed the total surface area of fibers (Af) as Equation (5-1)
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Their final proposed equation for calculating the total surface area of fibers (Af) is:
𝐴H =

ƒ×jb

(5-5)

&b

where 𝑉H is the volume of fibers in one cubic meter of concrete.
The previously mentioned mix design concept was used to adjust the mixture
proportioning of SCC and SWC when adding the different fibers to them. The mixtures
SCC-0EA, 0.5ST1-SCC-0EA, 0.5ST1-SCC-4G, SWC-0EA, and 0.5ST1-SWC-4G shown
in Table 5-2 were based on the results of the previous section. The mixture proportioning
of FR-SCC and FR-SWC were established using the steps summarized below:
The mixture volumes before adding the fibers (SCC and SWC mixtures) were
calculated by multiplying the mixture proportioning mass by the specific gravity of each
component in the mixture. The factor K was calculated using Equation (5-4). The specific
area of coarse aggregates was calculated using Equation (5-2). The specific area of fibers
was calculated using Equation (5-5). The mortar thickness of the SCC and SWC mixtures
(before adding fibers) was calculated using Equation (5-6).
𝑡.krq/r unHkrn =

jklJ (jklWŽ (jklw
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=𝑡
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where 𝑉𝑜𝑙>u = volume of coarse aggregate before adding fibers. 𝐴>u = total surface area of
coarse aggregate before adding fibers.
The volume of coarse aggregate and sand was calculated after adding fibers using
Equations (5-7) and (5-8).
𝑉> =

jklJ (jklw (qtb
qÙxX

𝑉𝑜𝑙Gu + 𝑉𝑜𝑙>u = 𝑉𝑜𝑙G + 𝑉𝑜𝑙> + 𝑉𝑜𝑙H
where 𝑉𝑜𝑙Gu = volume of sand before adding fibers.

(5-7)
(5-8)
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Based on this proposed methodology, the coarse aggregate contents of FR-SCC and
FR-SWC mixtures were 681 to 740 kg/m3 and 721 to 809 kg/m3, respectively, compared
to 747 and 850 kg/m3 in the case of SCC and SWC, respectively. The mixture proportioning
of the SCC, SWC, FR-SCC, and FR-SWC mixtures is summarized in Table 5-2.
5.2.3

Test Methods. Tests included workability test methods and rheoloical

properties evaluation.
5.2.3.1 Workability test methods. The filling ability and deformability were
evaluated using the slump flow test (ASTM C 143) [23]. The T50 was recorded for
mixtures having a final slump flow diameter greater than or equal to 500 mm. The visual
stability index (VSI) was also noted.
If a mixture reached the target flow diameter with VSI equal to 0 or 1, then the
mixture was accepted, and further evaluation in terms of passing ability, stability, and
measuring rheological parameters was considered. The slump flow, T50, and rheological
parameters were determined at 10 and 70 min. The concrete between the two test ages was
agitated at 1 rpm in the mixer, which was covered to minimize water evaporation.
The passing ability of the FR-SCC and FR-SWC mixtures was evaluated using the
modified J-Ring test [5]. A minimum value of 12 for D/a was targeted for fiber reinforced
mixtures [5]. The unit weight and air content were determined according to ASTM C 138
and C 231. The surface settlement test was used to evaluate stability [77]. Refer to Section
3 for more details about workability test methods.

132
5.2.3.2 Rheology test methods. A ConTec 5 rheometer [52] was used to estimate
the rheological properties of the SCC and the SWC mixtures as well as the fibrous mixtures
made with 0.5% fibers that are shorter than 50 mm. Therefore, the rheological properties
of the FR-SCC mixtures and three of the nine FR-SWC mixtures were tested at 10 and 70
min. The concrete sample was pre-sheared for 20 seconds at the maximum rotational
velocity (0.65 rps), and the rotational velocity was then decreased gradually from 0.65 to
0.10 rps over eight steps measuring 8 seconds each. At each step, the data over the last 4
seconds were considered. After equilibrium was verified at each step, elimination of data
points was done whenever necessary [30]. Refer to Section 3 for more details about
estimation of the rheological properties using ConTec 5 rheometer.

5.3

RESULTS AND DISCUSSION
5.3.1

Workability of FR-SCC and FR-SWC. Table 5-3 summarizes the fresh

properties of the SCC, FR-SCC, SWC, and FR-SWC mixtures. The air volume varied from
6.8% to 9% for all of the investigated mixtures. The SCC mixture made with no fibers had
an air content of 8%. The incorporation of the ST1 fibers in SCC made without any EA did
not have any effect on the air volume. The FR-SCC mixtures made with the PLP, STPL,
or STST fibers and EA had an air volume of 8.5% to 9% compared to the FR-SCC mixture
with ST1 and EA that had 6.8% air content. As excepted, variation of the fine to the coarse
aggregate ratio with the addition of different fibers did not have a significant effect on the
fresh unit weight of the FR-SCC and FR-SWC mixtures. The unit weight for the FR-SCC
and FR-SWC mixtures ranged between 2090 to 2184 kg/m3 and 2206 to 2314 kg/m3,

133
respectively, compared to 2155 and 2130 kg/m3 for the SCC and SWC mixtures,
respectively.
In the case of the SCC and FR-SCC mixtures, the initial slump flow ranged from
660 to 700 mm and dropped to 500 to 535 after one hour, with the exception of the 0.5ST1SCC-4G mixture where the slump flow was 640 mm. The SWC and FR-SWC mixtures
had initial slump flow values of 505 to 570 mm and exhibited sharp drops in fluidity after
one hour of agitation. The SWC and FR-SWC mixtures had slump values of 165 to 230
mm in the case of FR-SWC mixtures made with 0.5% fiber and 115 to 255 mm in case of
FR-SWC mixtures made with 0.75% fiber. The initial T50 values of the SCC and FR-SCC
ranged between 1.2 to 2.9 seconds and 2.3 to 3.3 seconds at 70 min. In the case of the SWC
and FR-SWC mixtures, the initial T50 values ranged from 1.5 to 3.7 seconds.
Figure 5-1 shows the increase of the HRWRA demand with the fiber factor (Vf Lf/df)
for the SCC and SWC mixtures. The HRWRA demand was higher for the FR-SWC
mixtures (1730 to 2350 ml/m3) given their lower binder and paste contents compared to
the FR-SCC mixtures (1430 to 1875 ml/m3) that had the same w/cm of 0.43. The HRWRA
demand of the 0.5PLP-SWC-4G mixture is not shown in Figure 5-1 given the lack of
stability of that mixture. The HRWRA demand was 1080 and 1250 ml/m3 for the nonfibrous SCC and SWC, respectively.
Figure 5-2 shows an inversely proportional relationship between the passing ability
index (D/a) and the fiber factor for the SCC, FR-SCC, SWC, and FR-SWC mixtures. This
index was proposed by Kassimi and Khayat [51] for FR-SCC using the modified J-Ring
test. The authors recommended a minimum D/a value of 12 to ensure high passing ability
of FR-SCC. The investigated SCC and FR-SCC mixtures had D/a of 13.1 to 22, and in the
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case of the SWC and FR-SWC mixtures made with 0.5% fiber volume, D/a varied between
12.3 and 20. Despite its lower deformability, the FR-SWC mixtures with 0.75% fibers had
slightly lower passing ability values of 11.1 to 11.8. Both the FR-SCC and FR-SWC
mixtures made with 0.5% STST fibers achieved the highest passing ability compared to
other fibers.
All of the investigated mixtures were stable with VSI values of 0. The exception
was the mixture made with the PLP fibers, which exhibited VSI of 1 and 2 for the FR-SCC
and FR-SWC, respectively. The latter mixture was not sampled for further workability and
rheology evaluation. The lower stability of mixtures made with the PLP fibers may be due
to its high fiber factor that required greater HRWRA demand. As indicated in Table 5-3,
the SWC and FR-SWC mixtures had no signs of bleeding. Some of the SCC and FR-SCC
mixtures had some bleeding; however, the values are considered to be low. Values were
between 0 and 10%, which corresponds to the lowest bleeding range proposed in ASTM
C232.
As indicated in Table 5-3 and Figure 5-3, lower surface settlement was obtained in
the case of the SWC and FR-SWC mixtures, which ranged from a low value of 0.04% to
0.33%, compared to those for the SCC and FR-SCC mixtures (0.27% to 0.51%). All of the
tested mixtures achieved the surface settlement rate of < 0.27%/h. This was even the case
for mixtures that had the same rates of settlement at 30 min where lower surface settlement
was achieved for the SWC and FR-SWC mixtures. For a given rate of settlement of 0.2%/h,
the FR-SWC mixtures had a maximum settlement of 0.28% compared to 0.5% in the case
of the FR-SCC mixtures. The maximum values of settlement and rate of settlement at 30
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min of 0.50% and 0.27%/h, respectively, were recommended as upper limits for stable SCC
prepared with nominal maximum size aggregate of 9.5 and 12.5 mm [45, 78].
Table 5-3: Workability characteristics.

SCC
&
FRSCC

SWC
&
FRSWC

Mixture
abbreviation

Unit
weight
(kg/m3)

Air
(%)
10
min

SCC-0EA
0.5ST1-SCC-0EA
0.5ST1-SCC-4G
0.5PLP-SCC-4G
0.5STPL-SCC-4G
0.5STST-SCC-4G
SWC-0EA
0.5ST1-SWC-4G
0.5-3D-SWC-4G
0.5-4D-SWC-4G
0.5-5D-SWC-4G
0.5STPL-SWC-4G
0.5STST-SWC-4G
0.5PLP-SWC-4G
0.75ST1-SWC-4G
0.75STST-SWC-4G
0.75-5D-SWC-4G

2155
2149
2184
2090
2102
2144
2130
2254
2206
2280
2238
2206
2268
2314
2280
2278

8
8
6.8
8.5
9
8
7.8
8.8
9
8
8.7
9
7.5
6.9
7.5
8

Slump flow
(mm)
10 & 70
min
670 & 530
660 & 520
690 & 640
670 & 500
690 & 520
700 & 535
570 & 255
505 & 205*
580 & 180*
540 & 175*
510 & 165*
525 & 205*
540 & 230
490 & non
550 & 255
540 & 115*
560 & 125*

T50 (Sec)
10 & 70
min
1.2 & 2.3
2.2 & 2.8
2.1 & 2.9
2.7 & 3.2
2.9 & 3.3
2.4 & 3.1
1.5 & non
2.4 & non
2.7 & non
2.7 & non
2.8 & non
3.1 & non
2.6 & non
3.7 & non
3.4 & non
3.1 & non

D/a

VSI

Bleed
-ing
(%)

Surface
sett.
(%)

22
16.8
16.9
13.1
14.7
16.3
20
13.5
13.9
13.7
13.5
12.3
13.3
11.8
11.6
11.1

0
0
0
1
0
0
0
0
0
0
0
0
0
2
0
0
0

0.33
0.3
0
0.47
0.38
0.41
0
0
0
0
0
0
0
0
0
0

0.45
0.51
0.42
0.36
0.27
0.20
0.22
0.11
0.18
0.10
0.04
0.27
0.33
0.31
0.16

Surface
sett. rate
(25-30
min.)
(%/h)
0.2
0.19
0.15
0.13
0.11
0.17
0.18
0.12
0.14
0.08
0.05
0.22
0.22
0.18
0.10

*Numbers reflecting slump values, where concrete did not flow
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Figure 5-1: Effect of the fiber factor on the HRWRA demand.
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Figure 5-2: Effect of the fiber factor on the passing ability (* donates Vf = 0.75%; all
over FR-SCC and FR-SWC are with Vf = 0.5%).

The surface settlement was affected by the fiber volume. The FR-SCC made with
0.5% STST fibers showed the lowest surface settlement of 0.27% compared to the SCC
mixture with no fibers that had a surface settlement of 0.45%. Increasing the fiber volume
from 0.50% to 0.75% for the FR-SWC increased surface settlement from 0.22% to 0.33%
for the ST1, 0.26% to 0.31% for the STST fibers, and 0.10% to 0.16% for the 5D fiber,
compared to 0.20% for the SWC mixture. It is important to note that the non-fibrous SCC
and SWC mixtures did not incorporate any EA. The hydration of CaO-based EA resulting
in expansion mainly takes place at the hardened stage at an early age and hence should not
interfere with the surface settlement of the concrete [79].
The surface settlement was also affected by the fiber type. For example, in the case
of the FR-SCC made with 0.5% fiber volume, the mixture with the ST1 fiber exhibited the
highest settlement of 0.51% (considered as the upper limit for adequate stability) compared
to 0.42%, 0.36%, and 0.27% for the FR-SCC made with PLP, STPL, and STST fibers,
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respectively. In the case of the FR-SWC, the use of the STPL, 3D, 4D, and 5D fibers led
to the lowest surface settlement values. It is important to note that all of the FR-SWC
mixtures were highly stable.

0.7
SCC and FR-SCC

SWC and FR-SWC

0.6

Maximum settlement (%)

ST1
0.5

∅ = 660 - 700 mm

PLP
0.4

no fibers

STPL

ST1*
0.3

STST

STST

0.2

4D

5D

R² = 0.83
∅ = 505 - 540 mm

ST1

5D*

0.1

STST*

no fibers

3D

STPL
0
0

0.05

0.1

0.15
Rate of settlement (%/h)

0.2

0.25

0.3

Figure 5-3: Relationship between the maximum surface settlement and rate of settlement
of investigated mixtures (*denotes Vf = 0.75%; all over FR-SCC and FR-SWC are with
Vf = 0.5%).

5.3.2

Rheology of FR-SCC and FR-SWC. Table 5-4 summarizes the results of

the rheological test carried out on six SCC and FR-SCC mixtures at 10 and 70 min. and
four SWC and FR-SWC mixtures after 10 min. As discussed earlier, all rheological flow
curves were verified for plug flow by examining the eight data points used in the
rheological testing. The number of data points where plug flow occurred is indicated in
Table 5-4 and varied between 0 and 2. Plug flow did not occur for seven out of the 10 tested
mixtures.
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Table 5-4: Rheological properties.

SCC &
FRSCC
SWC &
FRSWC

Mixture
abbreviation
SCC-0EA
0.5ST1-SCC-0EA
0.5ST1-SCC-4G
0.5PLP-SCC-4G
0.5STPL-SCC-4G
0.5STST-SCC-4G
SWC-0EA
0.5ST1-SWC-4G
0.5STPL-SWC-4G
0.5STST-SWC-4G

Points in plug
10 & 70 min
Non
Non
1&2
1&2
Non
1&2
Non/Non/Non/Non/-

𝜏k (Pa)
10 & 70 min
33 & 99
31 & 102
25 & 67
29 & 77
25 & 99
23 & 88
75 & non
128 & non
97 & non
83 & non

𝜇Ë (Pa.S)
10 & 70 min
26 & 30
32 & 37
35 & 41
40 & 45
39 & 42
38 & 41
24 & non
32 & non
39 & non
38 & non

As indicated in Table 5-3, the initial slump flow of the FR-SCC mixtures ranged
between 660 to 700 mm compared to 670 mm for the non-fibrous SCC mixture. On the
other hand, the SWC had a slump flow 570 mm compared to 505 to 540 mm for the FRSWC. Figures 5-4 and 5-5 compare the measured τÛ and µÝ values, respectively. The
initial τÛ values for the FR-SCC mixtures ranged between 23 and 31 Pa at 10 min.
compared to 33 Pa for the non-fibrous SCC. This can be explained by the greater HRWRA
demand needed for the FR-SCC mixtures. On the other hand, for the FR-SWC mixtures,
the τÛ values ranged between 84 and 128 Pa at 10 min. compared to 75 Pa for the SWC
mixture. The latter result was due to the higher slump flow of the SWC (570 mm) compared
to 505 to 540 mm in the case of the FR-SWC. From trial mixtures, it was indicated that
greater HRWR dosages needed to increase slump flow beyond these values could lead to
bleeding. The FR-SCC and FR-SWC mixtures made with ST1 fiber had the highest τÛ
values compared to other FR-SCC and FR-SWC mixtures made with other types of fibers.
The initial µÝ values for the SCC and FR-SCC mixtures ranged between
approximately 25 and 40 Pa.s at 10 min. and 30 and 45 Pa.s at 70 min. The SWC and FRSWC mixtures had higher µÝ compared to the SCC and FR-SCC mixtures, where the initial
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values of µÝ at 10 min. for the SWC and FR-SWC mixtures ranged between 24 and 40
Pa.s. The incorporation of fibers to the SCC and SWC mixtures increased µÝ . The initial
µÝ values for the FR-SCC and FR-SWC mixtures ranged between approximately 30 to 40
Pa.s and 24 and 40 Pa.s, respectively. These values for the non-fibrous SCC and the nonfibrous SWC mixtures were 26 and 24 Pa.s, respectively. The FR-SCC and FR-SWC
mixtures made with STST fiber had higher µÝ values compared to the other FR-SCC and
FR-SWC mixtures made with the ST1 fiber.
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Figure 5-4: Yield stress for SCC, FR-SCC, SWC, and FR-SWC mixtures.
Figure 5-6 shows an inversely proportional relationship that can be established
between τÛ and slump flow results. The results used to establish the relationship shown in
Equation 5-14 include fiber-reinforced and non-fibrous SWC and SCC mixtures with
slump flow values ranging between 500 and 700 mm that are obtained after 10 and 70 min.

140
of age. The fresh unit weight of the investigated concrete ranged between 2090 and 2314
kg/m3.
𝜏k =

‚.ÞÊ¨×XL}ß
à[ ß

R2 = 0.99

(5-14)

where 𝐷G = slump flow diameter (mm). Figure 5-6 also compares the experimental results
of the τÛ with those calculated from a theoretical model proposed by Roussel and Coussot,
which is expressed in Equation (5-15) [25]:
𝜏k =

KK¨â>ã~
XKÊÉ~ ß

(5-15)

where ρ = density (kg/m3); g = gravity (m/s2); Ω = volume of the concrete in the slump
cone (m3); and R = radius of the slump flow (m). For a given slump flow consistency, the
theoretical τÛ values are approximately 10% higher than the experimental results. This
spread was considerably smaller than that reported by Assem et al [70], which was on the
order of 24% in the case of non-fibrous SCC with slump flow greater than 680 mm and up
to 60% for mixtures with slump flow of 500 and 680 mm. Such concrete was prepared with
coarse aggregate with nominal maximum size of 10 mm, and w/cm was kept constant at
0.4. Factors resulting in such difference between theoretical and experimental data could
include the fact that the concrete thickness variation during flow was not taken into
consideration in the theoretical model that was derived using a pure shear-flow approach
[70].
Figure 5-7 shows a relationship between the µÝ and T50 values of the investigated
SCC, FR-SCC, SWC, and FR-SWC mixtures tested at 10 and 70 min. Regardless the
mixture type, a directly proportional relationship between plastic viscosity and T50 was
established. These results agree with other studies [75, 80] that show an increase in µÝ with
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the increase in T50. Figure 5-7 also compares the experimental results of the µÝ and T50
with results reported from Silva et al [75]. These results were established using the
BTRHEOM rheometer for testing FR-SCC mixtures made with 35 mm hooked end steel
fibers at three different fiber volumes (0.5%, 0.75%, and 1 %). The 13.2 mm nominal
maximum size aggregate and the w/cm was kept constant at 0.5.

Figure 5-5:Plastic viscosity for SCC, FR-SCC, SWC, and FR-SWC mixtures.

Figure 5-6: Relationship between slump flow and yield stress.
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Figure 5-8 shows a relationship between µÝ and D/a for the SCC, FR-SCC, SWC,
and FR-SWC mixtures. Two trade lines were plotted, one for the SCC and FR-SCC
mixtures, and the other one for the SWC and FR-SWC mixtures. For the same concrete
type made with the same nominal maximum size aggregate and within the same slump
flow range, the D/a value is inversely proportional to µÝ . FR-SCC mixtures have higher
D/a values than FR-SWC mixtures with the same µÝ . This can be due to the difference in
nominal maximum size aggregate of the FR-SCC and FR-SWC mixtures that were 10 mm
compared to 12 mm, respectively. The FR-SCC and FR-SWC mixtures made with 0.5%
STPL fibers recorded D/a values of 14.7 and 12.3, respectively, however they both had
same µÝ of 40 Pa.s. The reason behind the variations of µÝ for different fibrous mixtures is
that the sand content varied between different mixtures to secure a constant thickness of
mortar around fibers and coarse aggregates. Refer to Section 4 for more details about
mixture design criteria.

Figure 5-7: Relationship between T50 and plastic viscosity values.
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Figure 5-8: Plastic viscosity and passing ability relationship.

5.4

REMARKS
A comprehensive study to investigate the effect of seven fiber types incorporated

at Vf of up to 0.75% on the workability and rheological characteristics of FR-SWC and
FR-SCC targeted for infrastructure construction and repair, respectively, was undertaken.
Based on the results reported herein, the following conclusions can be warranted:
1. The FR-SCC and FR-SWC mixtures with slump flow values ranging between 660
and 700 mm and 505 and 570 mm, respectively, exhibited high passing ability
determined using the modified J-Ring test. The mixtures also developed high
stability evaluated using the surface settlement test.
2. The increase in HRWRA demand for the FR-SCC and FR-SWC mixtures was
proportional to the fiber factor.
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3. Both the FR-SCC and FR-SWC mixtures made with 0.5% STST fibers achieved
the highest passing ability compared to other fibers. Increasing the fiber factor
resulted in a reduction in passing ability. Despite the lower deformability of the FRSWC made with 0.75% fibers compared to the FR-SWC with 0.5% Vf, the mixtures
developed a slightly lower passing ability (11.1 to 11.8 depending on fiber type)
compared to 12.3 to 13.9 when Vf was limited to 0.5%.
4. The FR-SWC mixtures exhibited surface settlement values of 0.04% to 0.33%
compared to 0.27% to 0.51% in the case of the FR-SCC mixtures.
5. Given the higher binder content and the lower HRWRA content, the FR-SCC
mixtures exhibited a better slump retention compared to the FR-SWC mixtures.
The FR-SCC mixtures lost about 20% of slump flow compared to 50% in the case
of the FR-SWC mixtures after 70 minutes.
6. The incorporation of fibers decreased slightly the 𝜏k of FR-SCC (5% to 30%) and
increased it in the case of FR-SWC mixtures (12% to 70%). Fiber addition
increased the µÝ (up to 15 Pa.s) for both the FR-SCC and FR-SWC mixtures.
7. Good relationships were established between T50 and the µÝ and between the
slump flow diameter and the 𝜏k for the fibrous mixtures.
8. For a given aggregate content and nominal maximum size, the D/a of the fibrous
mixtures was inversely proportional to µÝ , where the FR-SCC and FR-SWC
mixtures made with 0.5% STPL fiber had the same µÝ of 40 Pa.s; those mixtures
had D/a values of 14.7 and 12.3, respectively.
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6 EFFECT OF FIBER CHARACTERISTICS ON MECHANICAL
PROPERTIES AND DURABILITY OF FIBER-REINFORCED CONCRETE
WITH ADAPTED RHEOLOGY

6.1

RESEARCH SIGNIFICANCE
Successful placement of self-consolidating concrete (SCC) requires the concrete to

have good deformability and proper stability to flow under its own weight through tight
steel rebar without blockage and segregation [28]. SCC gains its high workability mainly
due to the high volume of paste that may increase the risk of shrinkage and cracking. One
of the most common use of SCC is the repair applications, where limited shrinkage and
high mechanical properties is highly recommended for durable repair. Super-workable
concrete (SWC) refers to that concrete with higher workability than conventional vibrated
concrete (CVC) that requires limited mechanical consolidation in order to fully encapsulate
the steel reinforcing bars and ensure proper filling of the formwork. SWC can be used for
infrastructure construction and can have slump flow values between of 400 and 550 mm.
SWC requires up to 65% lower mechanical consolidation energy compared to CVC to
achieve same compressive strength [57]. Given its lower binder content, which can be
limited to 400 kg/m3, SWC can have a lower paste content compared to SCC, hence
reducing shrinkage and the risk of cracking. However, SWC exhibits lower risk of
shrinkage and cracking compared to SCC, that risk still exists for both types of concrete
due to their relatively high paste content compared to CVC.
The incorporation of fibers to SCC and SWC helps in reducing shrinkage. One
other major advantage of the use of fibers with concrete is to enhance mechanical properties
especially, tensile strength, toughness, and enhances shrinkage resistance. Fibers can
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totally change the behavior of fiber-reinforced self-compacting concrete (FR-SCC) and
fiber-reinforced super-workable concrete (FR-SWC) from a brittle material to ductile
material. Khayat and Roussel [29] studied the mechanical properties of various FR-SCC
mixtures made with different types of binary and ternary cementitious materials, where the
water-to-cementitious materials ratio (w/cm) varied between 0.37 and 0.45 and the slump
flow diameter varied between 650 and 530 mm. Steel fibers measuring 38 mm in length
were incorporated at a dosage that varied between 0 and 1%, by volume. The authors
reported that the use of steel fibers with fiber volume (Vf) up to 1% in FR-SCC can
significantly increase flexural toughness.
The use of expansive agent (EA), such as Type-K or Type-G EA based on CaO or
MgO, can reduce shrinkage. Peiwei et al. [62] evaluated the effect of MgO and CaO based
EA on the shrinkage behavior of roller compacted concrete. EA was added at a value that
varied between 4% and 12% of the mass of the total cementitious materials. The authors
found that it can take around 28 and 3 days for the MgO and CaO based EA, respectively,
to reach the maximum expansion. On using the CaO or MgO based EA agent, the early age
shrinkage can be significantly reduced, hence the risk of cracking can be reduced. Kassimi
and Khayat [6] studied the effect of shrinkage reducing admixtures (SRA) and EA on the
cracking resistance of FR-SCC. The SRA and EA were added at dosages of 2% and 6%,
by mass of the total binder, respectively. Two types of fibers were investigated with the
FR-SCC mixtures, which included a 30-mm hooked-end steel fiber and a 50-mm kinked
multifilament synthetic fiber. The use of FR-SCC increased the time to cracking
determined using the ring test (ASTM C 1581) and also reduced the crack width. The
authors reported the presence of a synergetic effect between the fibers and SRA and/or EA
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for the FR-SCC. The mixtures made with steel fibers exhibited higher cracking resistance
compared to those made with synthetic fibers, and the mixtures made with EA exhibited
better performance compared to SRA in terms of time-to-cracking and crack width. The
optimum results were recorded when the steel fibers were incorporated with the EA, which
provided the highest cracking resistance and the narrowest crack width that appeared after
36 days.
Data available in literature regarding the effect of fibers on mechanical properties
of fiber-reinforced concrete (FRC) are not clear as contradicting each other. Khaloo et. al.
[71] investigated the influence of steel fibers on rheogical and mechanical properties of
SCC with different strength classes. They used Steel fibers with hooked end with length of
20.6 mm, width of 1.8 mm and thickness of 0.5 mm (aspect ratio=20). Various Vf of 0.5%,
1%, 1.5%, and 2% were used based on the mortar volume of SCC. Two strength classes of
SCC; 40 MPa (MS) and 60 MPa (HS) were investigated. They found that addition of fibers
decreased the compressive strength. In the case of MS concrete addition of 2% Vf decreased
the compressive strength by 18.5% as well as HS concrete by 7.5%. These results are not
in agreement with the findings reported by Luo et al. [81] who studied the effect of five
types of steel fibers with different aspect ratios and volume fractions and reported the
increase in fiber factor (Vf Lf /df), where Lf and df are fiber length and fiber diameter,
respectively, can lead to considerable increase in fc′. Banthia and Dubey [82] found that
fiber type and fiber volume do not have clear effects on fc′. Choi and Yuan [83] investigated
fc′ of concrete made with polypropylene and glass fibers with Vf of 1 and 1.5%, and reported
that the fiber addition does not increase fc′. Khayat et al. [26] evaluated the mechanical
properties of FR-SCC. The investigated fibers included steel, polypropylene, and hybrid
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fibers. The length of the fibers ranged between 5- and 50-mm. Fibers were incorporated at
Vf of 0.25, 0.5, or 0.75%. The polypropylene fibers included a straight fiber (MO-S), a
kinked fiber (MU-S), and a combined 80% macro-crimped fiber and 20% tissue-based
micro-fiber (MI-MA). The aspect ratios of these fibers were 90, 74, and 84, respectively.
Hybrid steel-polypropylene fibers (ST-PP) with 92 and 8% relative mass and a steel fiber
(ST) were also employed. The aspect ratios of the hybrid and steel fibers were 47 and 55,
respectively. They tested the splitting tensile, compressive, and average residual strengths.
They concluded that by increasing the Vf from 0 to 0.25% and 0.5% results in an increase
in compressive strength (fc′) by 8% and 28%, respectively. More increasing in Vf to 0.75%
results in strength reduction of the fiber-reinforced super-workable concrete (FR-SWC)
made with MO-S or ST fibers. This was not the case, for the MU-S, MI-MA, and ST-PP
fibers that displayed similar or higher strength than SCC. The authors explained that the
reduction in strength can be due to the lack of proper consolidation as concrete cylinders
were cast in one lift without any mechanical consolidation. The fc′ of FR-SCCs with Vf of
0.25 and 0.5% is higher than those of the reference SCC. The addition of fibers also
increased the splitting tensile strength (fsp′) by 7% to 50%.
With the increase in demand to produce crack-free concrete that is capable of
enhancing the durability and increasing the service life, FR-SWC has been one of the best
candidates for the construction of important infrastructure [51]. Similarly, FR-SCC has
been used in repair of damaged concrete elements. Limited studies have been done on the
response of the mechanical properties and durability of FRC with adapted rheology, which
includes FR-SCC and FR-SWC with the variation of the fiber type and volume coupled
with the use of EA. This study evaluates the effect of ﬁber type and volume on the
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mechanical properties of FR-SCC and FR-SWC made with 4% Type-G EA. Two steel
fibers, a propylene fiber, and hybrid of steel and polypropylene fiber were incorporated to
the FR-SCC mixtures at a dosage of 0.5% fiber volume. Five steel fibers and hybrid of
steel and polypropylene fiber were added to the FR-SWC mixtures at a dosage of 0.5% and
0.75% fiber volume. In total, six SCC and FR-SCC mixtures and ten SWC and FR-SWC
mixtures were tested to evaluate the effect of fiber type and content combined with EA on
the mechanical properties and durability of FR-SCC and FR-SWC.

6.2

EXPERIMENTAL PROGRAM
Materials and mixture proportioning in this section is the same as Section 5.
The filling ability of the tested mixtures was evaluated using the slump flow test

(ASTM C 143), where VSI was also noted. The 100 × 200 mm cylindrical samples were
used to determine compressive strength (ASTM C 39), splitting tensile strength (ASTM C
496) and modulus of elasticity (ASTM C 469). Three samples were used to determine each
of the 28-day and 56-day compressive strength, splitting tensile strength, and modulus of
elasticity. Prismatic samples measuring 75 × 75 × 400 mm were used to for testing flexural
strength (ASTM C78) and flexural toughness (ASTM C1609). Two samples were used to
plot the load deflection curve after 28 days and 56 days and to determine flexural and
flexural toughness at these ages. Notched prismatic samples measuring 150 ´ 150 ´ 550
mm were used for evaluating cracking resistance (RILEM TC-162). Prismatic samples
measuring 75 × 75 × 400 mm were used to determine the resistance of concrete to freezing
and thawing (ASTM C 666B). All SCC and FR-SCC samples were cast in one lift with no
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mechanical consolidation, while SWC and FR-SWC samples were consolidated with 20
strikes using 10 mm rode [51]. The samples were stored under wet burlap and plastic sheets
for 24 hours. The samples were then demolded and were moist cured until testing date after
28 or 56 days.

6.3

RESULTS AND DISCUSSION
Table 6-1 summarizes the fresh and hardened properties of the 16 investigated

mixtures.
6.3.1

Fresh Properties. In the case of the SCC and FR-SCC mixtures, the slump

flow measured directly after concrete mixing ranged from 660 to 700 mm. These values
were 505 to 570 mm in the case of the SWC and FR-SWC mixtures. All of the investigated
mixtures were stable with VSI values of 0. The exception was the FR-SCC mixture made
with the PLP fibers, which exhibited VSI of 1. The investigated mixtures had air content
between 6.8% and 9%. The non-fibrous SCC mixture had an air content of 8%. The
incorporation of the ST1 fibers in FR-SCC without any EA did not affect the air volume
significantly. The combination of the ST1 fiber with the EA in FR-SCC dropped the air
content to 6.8%. Unlike the case with the other types of fibers (PLP, STPL, or STST fibers)
when added to FR-SCC with EA, the air content was not affected significantly and ranged
between 8.5% and 9%. In the case of FR-SWC the air content did not significantly vary
with the type of fiber added, where the air content varied between 7.5% to 9% compared
to the non-fibrous SWC mixture that had 7.8% air content.
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Table 6-1: Fresh and hardened properties.

Mixture

SCC-0EA
0.5ST1-SCC-0EA
0.5ST1-SCC-4G
0.5PLP-SCC-4G
0.5STPL-SCC-4G
0.5STST-SCC-4G
SWC-0EA
0.5ST1-SWC-4G
0.5-3D-SWC-4G
0.5-4D-SWC-4G
0.5-5D-SWC-4G
0.5STPL-SWC-4G
0.5STST-SWC-4G
0.75ST1-SWC-4G
0.75STST-SWC-4G
0.75-5D-SWC-4G

Comp.
strength
(MPa)
[CV]
(%)
28
d
30.0
[2.1]
31.5
[3.1]
32.4
[4.1]
27.7
[2.9]
26.5
[2.7]
35.1
[3.7]
37.9
[4.2]
36.9
[5.1]
31.1
[4.1]
38.5
[5.7]
41.8
[3.2]
33.9
[4.1]
41.7
[5.2]
45.9
[6.1]
51.4
[7.3]
45.5
[4.3]

56
d
30.8
[1.7]
33.0
[5.7]
35.1
[6.7]
29.2
[3.5]
34.5
[5.3]
40.7
[4.1]
44.3
[6.1]
47.9
[7.2]
35.5
[5.1]
47.5
[6.3]
50.0
[5.7]
43.4
[6.3]
49.4
[7.1]
52.3
[6.9]
53.0
[4.3]
50.0
[5.4]

Tensile
strength
(MPa)
CV
(%)
28
d
2.2
[1.8]
2.9
[1.1]
3.0
[4.2]
2.5
[5.1]
2.5
[4.8]
3.4
[3.6]
2.8
[3.9]
3.6
[1.1]
2.8
[1.7]
4.2
[1.9]
5.1
[5.3]
3.2
[4.0]
4.3
[5.2]
5.9
[7.5]
5.4
[6.8]
5.8
[6.2]

56
d
2.3
[2.6]
3.2
[4.5]
3.3
[3.4]
2.6
[4.1]
2.6
[5.7]
3.9
[6.1]
2.9
[5.5]
4.5
[7.4]
4.0
[5.1]
4.9
[6.7]
5.3
[7.1]
3.4
[5.9]
4.8
[2.7]
6.1
[3.1]
5.5
[6.3]
6.0
[5.1]

Elastic
Modulus
(GPa)
CV
(%)
28
d
26.7
[3.4]
26.6
[4.0]
26.3[
2.1]
23.8[
3.4]
23.0[
5.1]
26.3[
2.9]
25.9[
4.2]
27.1[
3.9]
25.0[
7.1]
25.7[
4.5]
26.0[
6.4]
25.4[
5.5]
28.6[
7.1]
28.1[
6.2]
28.5[
5.7]
30.0[
7.3]

56
d
29.3
[5.4]
28.1[
6.1]
27.8[
4.3]
25.8[
5.6]
25.7[
4.1]
28.5[
5.7]
27.9[
4.9]
28.6[
3.9]
28.9[
6.2]
29.1[
4.8]
29.5[
1.9]
27.1[
2.3]
29.0[
4.7]
28.9[
5.1]
29.5[
4.8]
32.1[
5.5]

Flexural
strength
(MPa)

28
d
3.2
±0.2
4.7
±0.3
3.7
±0.1
2.5
±0.1
3.1
±0.3
4.2
±0.3
4.3
±0.2
4.6
±0.1
4.2
±0.2
4.8
±0.4
4.8
±0.4
4.2
±0.3
5.4
±0.1
5.0
±0.5
5.9
±0.4
9.2
±0.3

56
d
3.5
±0.1
5.0
±0.2
4.0
±0.3
2.7
±0.1
3.3
±0.2
4.6
±0.4
4.7
±0.5
5.0
±0.4
4.6
±0.3
5.2
±0.2
5.2
±0.1
4.6
±0.4
5.8
±0.5
5.4
±0.3
6.3
±0.5
10.0
±0.6

Toughness
(Kn.m)

28
d
0.50
±0.0
12.0
±0.3
9.9
±0.5
3.4
±0.2
3.4
±0.1
10.7
±0.5
0.7±
0.1
12.2
±0.5
10.7
±0.5
11.3
±0.6
12.1
±0.4
2.70
±0.2
14.8
±0.9
12.9
±0.7
15.1
±1.2
21.4
±2.1

56
d
0.5
±0.0
12.9
±0.4
10.7
±0.5
3.7
±0.2
3.8
±0.1
12.4
±0.4
0.8
±0.1
13.2
±0.3
11.9
±0.2
12.3
±0.2
13.0
±0.3
2.90
±0.1
16.1
±0.6
13.6
±0.7
16.5
±0.8
22.8
±1.7

First Crack
stress
(MPa)

28
d

56
d

Residual stress
(MPa)

28
d

56
d

-

-

-

-

3.1
±0.1
3.8
±0.2
2.5
±0.1
3.3
±0.2
3.7
±0.3
2.7
±0.3
3.8
±0.4
4.8
±0.5
5.8
±0.4
9.6
±0.7
3.2
±0.2
6.3
±0.5
5.9
±0.7
6.2
±0.8
6.5
±0.4

3.4
±0.1
4.1
±0.2
2.8
±0.1
3.6
±0.3
3.9
±0.3
3.0
±0.2
4.1
±0.4
5.2
±0.5
6.2
±0.5
10.3
±0.6
3.5
±0.4
6.8
±0.8
6.4
±0.5
6.7
±0.7
7.0
±0.6

2.2
±0.2
1.6
±0.1
1.0
±0.1
1.6
±0.2
2.4
±0.3

2.4
±0.2
1.7
±0.1
1.1
±0.1
1.8
±0.3
2.7
±0.4

-

-

3.5
±0.4
3.8
±0.5
4.1
±0.3
6.4
±0.6
0.5
±0.0
4.7
±0.3
3.2
±0.2
3.4
±0.4
4.6
±0.5

3.8
±0.2
4.1
±0.1
4.4
±0.2
6.9
±0.6
0.5
±0.0
5.1
±0.1
3.4
±0.2
3.7
±0.3
5.0
±0.4

*CV stands for the coefficient of variation for three tested specimens, while with two specimens the
average is shown ± value

6.3.2

Compressive Strength. The incorporation of ST1 fiber without any EA

increased the 56-day compressive strength of the FR-SCC by 7% ± 2%. Further increase
in the strength was recorded (14% ± 3% compared to non-fibrous SCC) when ST1 fiber
was added in combination with the EA. The FR-SCC mixtures made with 0.5% Vf
combined with EA exhibited an increase in the 56-day compressive strength by up to 30%±
5% depending on the fiber type, where the STST was the best. The exception was the FRSCC mixture made with the PLP fibers, which exhibited a decrease in the 56-day
compressive strength by 10% ± 2%. The reason behind that exception can be due to the
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relatively higher dosage of HRWRA added to the mixture 0.5PLP-SCC-4G compared to
the other FR-SCC mixtures, which led to some segregation (VSI = 1).
Like the case with FR-SCC, the FR-SWC mixtures exhibited a considerable
increase in the 56-day compressive strength upon the incorporation of the fibers combined
with EA by up to 20% ± 3% depending on the fiber type and volume, where the 5D fibers
was the best and recorded an increase in the 56-day compressive strength by up to 13% ±
2% and 20% ± 3% for fiber volumes 0.5% and 0.75%, respectively.
Generally, for both types of concrete the fibrous mixtures developed higher
compressive strength increase with time compared to non-fibrous mixtures. The FR-SCC
mixtures developed an increase of up to 30% ± 5% compared to 3% ± 1% in the case of
non-fibrous SCC mixture between 28 and 56 days. In the case of the FR-SWC, that increase
was up to 30% ± 4% as well compared to 15% ± 2% in the case of non-fibrous SWC
mixture.
6.3.3

Splitting Tensile Strength. The use of ST1 fiber without any EA increased

the 56-day splitting tensile strength of the FR-SCC by 40% ± 3%, that increase was around
45% ± 4% when the ST1 fiber was added in combination with the EA. The FR-SCC
mixtures incorporated with different fiber types combined with EA exhibited an increase
in the 56-day splitting tensile strength by up to 70% ± 4% depending on fiber type, where
the STST was the best.
Even higher than the case with the FR-SCC mixtures, The FR-SWC mixtures
exhibited a significant increase in the 56-day splitting tensile strength with the
incorporation of the fibers combined with EA by up to 110% ± 3% depending on the fiber
type and volume. The FR-SWC mixtures made with 5D and STST fibers recorded the
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highest splitting tensile strength compared with other fiber types for fiber volumes 0.5%
and 0.75%, respectively. The enhancement in the splitting tensile strength of these two
optimized mixtures were around 85% ± 2% and 110% ± 3%, respectively.
6.3.4

Elastic Modulus. Generally, the use of fibers and EA decreased the elastic

modulus of FR-SCC. The 56-day elastic modulus of FR-SCC decreased around 12.5% ±
1% and 2.5% ± 0.5% in the case of STPL and STST fibers combined with EA, respectively.
In the case of the FR-SWC mixtures the use of steel fibers combined with EA
increased the 56-day elastic modulus by up to 5% ± 1% and 15% ± 2% for fiber volumes
of 0.5% and 0.75%, respectively. The use of the 5D fibers had the highest effect and the
ST1 fibers had the lowest effect on the 56-day elastic modulus of the FR-SWC. Only the
use of STPL fiber combined with EA reduced the 56-day elastic modulus of the FR-SWC
by 3%.
6.3.5

Flexural Strengths. The incorporation of ST1 fiber without any EA

increased the 56-day flexural strength of the FR-SCC by 40% ± 5%. The FR-SCC mixtures
made with 0.5% Vf combined with EA exhibited an increase in the 56-day flexural strength
by up to 30% ± 4% depending on the fiber type, where the STST was the best. The
exception was the FR-SCC mixtures made with STPL and PLP fibers, which exhibited a
decrease in the 56-day flexural strength by 20% ± 2% and 5% ± 1%, respectively.
Better enhancement was recorded for the FR-SWC mixtures that exhibited a higher
increase in the 56-day flexural strength with the incorporation of the fibers combined with
EA by up to 110% ± 5% depending on the fiber type and volume. The FR-SWC mixtures
made with 5D and STST fibers recorded the highest flexural strength compared to other
fiber types for fiber volumes 0.5% and 0.75%, respectively. The enhancement in the
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flexural strength of these two optimized mixtures was around 25% ± 1% and 110% ± 2%
5, respectively.
6.3.6

Toughness. Figure 6-1 shows the 56-day load-deflection curves of the

beams under four-point bending made with the investigated SCC and FR-SCC mixtures.
The incorporation of fibers with EA in FR-SCC had a significant impact on ductility. Some
of the FR-SCC were shown to exhibit strain softening after the first crack such as the case
for the STPL and PLP fibers, which resulted in lower toughness compared to the FR-SCC
mixtures made with ST1 or STST that experienced strain hardening, resulting in higher
toughness.
The incorporation of 0.5% ST1 fiber with EA increased the 56-day toughness of
concrete by 20 times compared to non-fibrous SCC. The use of 0.5% STST fiber with EA
increased the toughness by 23 times. The use of 0.5% Vf of the PLP and STPL fibers
increased the 56-day toughness of the FR-SCC by six and seven times, respectively.
Figures 6-2 and 6-3 show the 56-day load-deflection curves of the beams under
four-point bending made with the investigated SWC and FR-SWC mixtures with Vf of
0.5% and 0.75%, respectively. Like any plain concrete SWC exhibited a sharp strain
softening with extremely limited toughness once the stresses reached flexural strength.
Addition of STPL fiber to FR-SWC had a positive effect on the load defection curve, where
the toughness increased 3.6 times compared to non-fibrous SWC. FR-SWC beams made
with STPL fiber experienced softening compared to other FR-SWC beams that were made
with steel fibers, which exhibited strain hardening resulting in an increase in toughness by
up to 30 times depending on the fiber type and volume. The 56-day toughness of the FRSWC beams increased by 16.5 and 17 times in the case of using Vf of 0.5% and 0.75% of

155
ST1 fiber, respectively. Using STST fiber with the FR-SWC mixtures increased the 56day toughness about 20 and 21 times at Vf of 0.5% and 0.75%, respectively. The
incorporation of 5D fiber with the FR-SWC mixtures at Vf of 0.5% and 0.75% increased
the 56-day toughness by 17 and 30 times, respectively. In the case of 3D and 4D fibers
incorporated at Vf of 0.5% the toughness of FR-SWC increased by 15 and 15.5 times,
respectively. Variations of 1% to 9% between samples was neglected for toughness
enhancement calculation as the enhancement was recorded to be < 360%.

10000
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0.5ST1-SCC-4G
0.5PLP-SCC-4G
0.5STPL-SCC-4G
0.5STST-SCC-4G
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Figure 6-1: Load-deflection curve for the SCC and FR-SCC beams (average results of
two specimens).
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Figure 6-2: Load-deflection curve for the SWC and FR-SWC beams (Vf = 0.5%) (average
results of two specimens).
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Figure 6-3: Load-deflection curve for the SWC and FR-SWC beams (Vf = 0.75%)
(average results of two specimens).
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6.3.7

Cracking Resistance. Figure 6-4 shows the variations of the load against

crack mouth opening displacement (CMOD) for the notched beams under three-point
bending made with SCC and different FR-SCC mixtures. The incorporation of fibers with
EA in FR-SCC had a significant impact on enhancing cracking resistance, where the
residual stress at 3.5-mm crack width was up to 2.7 ± 0.4 MPa for the FR-SCC depending
on the fiber type and volume compared to non-fibrous SCC that failed immediately after
the applied stresses reached the flexural strength. The FR-SCC beams made with 0.5% Vf
of ST1 fiber and EA had 56-day residual stress at 3.5-mm crack width of 1.70 ± 0.1 MPa,
which reflects 40% of the peak stress. These numbers were 2.7 ± 0.4, 1.8 ± 0.3, and 1.1 ±
0.1 MPa in the case of using 0.5% Vf of STST, STPL, and PLP fibers, respectively, which
reflects 70% ± 15%, 50% ± 10%, and 40% ± 5% of the peak-load, respectively.
Figures 6-5 and 6-6 show the variations of the load against crack mouth opening
displacement (CMOD) for the notched beams under three-point bending made with SWC
and different FR-SWC mixtures at Vf of 0.5% and 0.75%, respectively. The addition of
fibers with EA in FR-SWC had a significant impact on increasing cracking resistance,
where the 56-day residual stress at 3.5-mm crack width was up to 6.9 ± 0.6 MPa for the
FR-SWC depending on the fiber type and volume compared to non-fibrous SWC that was
not able to resist any load beyond reaching flexural strength. The 56-day residual stresses
at 3.5-mm crack width were 3.8 ± 0.2 and 3.4 ± 0.4 MPa for the FR-SWC beams made
with Vf of 0.5% and 0.75% of ST1 fiber, respectively, which reflects 95% ± 20%and 55%
± 10% of the peak load, respectively. Using STST fiber with the FR-SWC increased these
numbers to 5.1 ± 0.1 and 3.7 ± 0.3 MPa for Vf of 0.5% and 0.75%, respectively, reflecting
75% ± 15% and 55% ± 10% of the peak load, respectively. The incorporation of 5D fiber
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with the FR-SWC mixtures at Vf of 0.5% and 0.75% increased these numbers to 6.9 ± 0.66
and 5 ± 0.4 MPa, respectively, which is equivalent to 67% ± 10% and 70% ± 15% of the
peak load, respectively. In the case of STPL, 3D, and 4D fibers incorporated at Vf of 0.5%
these numbers were 0.5, 4.1, and 4.4 MPa, which reflects 15% ± 5%, 80% ± 20%, and 70%
± 15% of the peak load, respectively.
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Figure 6-4: Load-CMOD curve the SCC and FR-SCC beams (average results of two
specimens).
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Figure 6-5: Load-CMOD curve for the SWC and FR-SWC beams (Vf = 0.5%)(average
results of two specimens).
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Figure 6-6: Load-CMOD curve for the SWC and FR-SWC beams (Vf = 0.75%) (average
results of two specimens).
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6.3.8

Freeze/Thaw Resistance. Figure 6-7 summarizes the variations of the

relative dynamic modulus of elasticity (durability factor) results obtained for mixtures
prepared with SCC and different FR-SCCs. All mixtures exhibited excellent freeze-thaw
resistance with durability factors ranging from 85% ± 2% to 95% ± 3%. Considerable
enhancement was observed for mixtures made with ST1 and STST fibers combined with
EA, where the increase in the durability factor was about 10% ± 3% for both mixtures
compared to non-fibrous SCC mixture. The use of EA with FR-SCC mixture made with
ST1 fiber increased the durability factor 5% ± 1% compared to the same FR-SCC made
without any EA. Limited enhancement in the durability factor was noticed when using PLP
and STPL fibers combined with EA, where the increase in the durability factor did not
exceed 2% compared to the SCC mixture made without any EA or fibers.
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Figure 6-7: Durability factor for the SCC and FR-SCC mixtures (average results of three
specimens, 2.2 < CV < 5.1).
Figure 6-8 and 6-9 summarize the variations of the relative dynamic modulus of
elasticity results obtained for mixtures prepared with SWC and different FR-SWCs at Vf of
0.5% and 0.75%, respectively. All mixtures exhibited excellent freeze-thaw resistance with
durability factors ranging from 82% ± 2% to 98% ± 3%. The incorporation of fibers to FR-
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SWC decreased durability factor by 1% to 15% ± 2% depending on the fiber type and
dosage. The FR-SWC mixture made with 0.5% STST fibers recorded the highest durability
factor of 97% ± 3%; this number decreased to 91% ± 2% when Vf was increased to 0.75%.
The FR-SWC mixture made with ST1 fiber exhibited durability factors of 94% ± 3% and
88% ± 2% at Vf of 0.5% and 0.75%, respectively. These numbers were 90% ± 2% and 86%
± 2% in the case of 5D fiber at Vf of 0.5% and 0.75%, respectively. Lowest durability
factors were observed with FR-SWC mixtures made with Vf of 0.5% of STPL, 3D, and 4D
fibers, where theses mixtures exhibited 82% ± 1%, 85% ± 2%, and 85.5% ± 2% durability
factors, respectively.
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Figure 6-8: Durability factor for the SWC and FR-SWC mixtures (Vf = 0.5%) (average
results of three specimens, 4.3 < CV < 6.2).
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Figure 6-9: Durability factor for the SWC and FR-SWC mixtures (Vf = 0.75%) (average
results of three specimens, 3.4 < CV < 5.5).
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6.3.9

Overall Performance. The overall performance was plotted in a star-

diagram for the FR-SCC and FR-SWC mixtures in Figures 6-10 and 6-11, respectively.
Slump flow, compressive strength, splitting tensile strength, elastic modulus, flexural
strength, toughness, and residual stress were included in that evaluation. The vertices of
the star diagram were set so that high values reflect better performance for the eight tested
properties. A rate out of 100% was assigned to each of the seven evaluated properties,
where the mixture with the highest specific property was honored 100%, and the rate of
the rest of the mixture for this specific property was proportioned directly. The SCC and
FR-SCC mixtures were rated as one group and the SWC and FR-SWC mixtures were rated
as another group. The average rating of the seven properties for each mixture was then
calculated. The higher average rating reflects the higher overall performance.

Figure 6-10: Overall performance for the SCC and FR-SCC mixtures.
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Figure 6-11: Overall performance for the SWC and FR-SWC mixtures.
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Figure 6-12 summarizes the average ratings of the SCC, FR-SCC, SWC, and FRSWC mixtures. The FR-SCC mixture made with 0.5% STST fiber with EA showed the
highest overall performance with average rating of 92% compared to the other SCC and
FR-SCC mixtures, while the non-fibrous SCC mixture showed the lowest overall
performance with average rating of 64%.
The FR-SWC mixtures made with 5D fiber showed the highest overall performance
with average ratings of 83% and 78% for Vf of 0.5% and 0.75%, respectively. The FRSWC mixtures made with 0.5% STST fiber showed an overall performance close to the
one made 0.5% 5D fibers, where these mixtures had average ratings of 77% and 78%,
respectively. The non-fibrous SWC and the FR-SWC mixture made with 0.5% STPL fiber
showed the lowest overall performance with average rating of 59% and 51%, respectively.

Figure 6-12: Average rating for all of the investigated mixtures.
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6.4

REMARKS
A comprehensive study was carried out for the FR-SCC and FR-SWC mixtures to

investigate the effect of fiber type and volume on key mechanical properties and durability.
Based on the test results reported herein, the following conclusions can be warranted:
1. The FR-SCC mixtures made with 0.5% Vf combined with EA exhibited an increase
in the 56-day compressive strength by up to 30% ± 5% depending on the fiber type,
where the STST was the best. The FR-SWC mixtures made with 5D fiber was the
best and recorded an increase in the 56-day compressive strength by up to 13% ±
2% and 20% ± 3% compared to non-fibrous SWC for fiber volumes 0.5% and
0.75%, respectively.
2. The FR-SCC mixtures incorporated with different fiber types combined with EA
exhibited an increase in the 56-day splitting tensile strength by up to 70% ± 4%
depending on fiber type, where the STST was the best. The FR-SWC mixtures
exhibited a significant increase in the 56-day splitting tensile strength with the
incorporation of the fibers combined with EA by up to 110% ± 3% depending on
the fiber type and volume.
3. The toughness of the FR-SCC and FR-SWC mixtures increased by up to 23 and 30
times, respectively, when fiber was added with EA.
4. The incorporation of EA with 5D fiber to the FR-SWC mixtures at Vf of 0.5% and
0.75% to FR-SWC increased the residual stress at 3.5-mm crack width to 6.9 ± 0.6
and 5 ± 0.4 MPa, respectively, which is equivalent to 67% ± 10% and 70% ± 15%
of the peak load, respectively.
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5. All investigated mixtures exhibited excellent freeze-thaw resistance with durability
factors ranging from 82% to 98%. Considerable enhancement was observed for FRSCC mixtures made with ST1 and STST fibers combined with EA, where the
increase in the durability factor was about 10% ± 2% for both mixtures compared
to non-fibrous SCC mixture. Unlike FR-SCC, FR-SWC mixtures exhibit a decrease
in the durability factor by 1% to 15% ± 2% depending on the fiber type and dosage,
however all the FR-SWC mixtures exhibited excellent freeze/thaw durability with
durability factor > 80%.
6. The FR-SCC mixture made with 0.5% STST fiber with EA showed the highest
overall performance. The FR-SWC mixture made with 0.75% 5D fibers showed the
highest overall performance compared to all SWC and FR-SWC mixtures. The FRSWC mixture made with 0.5% 5D or STST fibers showed similar overall
performance and was the highest compared to the FR-SWC mixtures made with
0.5% Vf.

167
7

7.1

EFFECT OF FIBER CHARACTERISTICS ON SHRINKAGE BEHAVIOR
AND CRACKING POTENTIAL OF FIBER-REINFORCED CONCRETE
WITH ADAPTED RHEOLOGY

BACKGROUND
The combined effect of expansive agent and steel fibers type and dosage on the

shrinkage and cracking resistance of FR-SCC and FR-SWC targeted for infrastructure
construction and repair, respectively, was investigated. The fibers included propylene
synthetic fibers, hooked steel fibers of two separate lengths, double and triple hooked steel
fibers, hybrid fiber containing crimped steel fiber and polypropylene multifilament fiber,
as well as micro-macro steel fibers. All seven fiber types were investigated for the FRSWC compared to four fiber types for the FR-SCC. Fiber volume was fixed at 0.5% for
the FR-SCC mixtures and varied between 0.5% and 0.75% for the FR-SWC. Type-G
expansive agent was consistently incorporated at medium dosage to reduce shrinkage.

7.2

EXPERIMENTAL PROGRAM
7.2.1

Materials. materials used in this section are the same as mentioned in

Section 5.
7.2.2

Mixture Proportioning. Same mixtures with same mixture proportioning

as Section 5.
7.2.3

Test Methods. Three 75 × 75 × 285 mm prismatic specimens were taken

for each mixture to be tested for drying shrinkage in accordance with ASTM C 157. The
prisms were cured for seven days. Autogenous shrinkage was measured in accordance with
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ASTM C1698. specimens were cast in corrugated deformable plastic tubes. Autogenous
and drying shrinkage were monitored for one year. Restrained shrinkage was evaluated in
accordance with ASTM C1581.

7.3

RESULTS AND DISCUSSION
7.3.1

Total Shrinkage Results The drying shrinkage samples were demolded

after one day and the initial readings were recorded at that time. Since the investigated
mixtures were made with EA and considerable strain was expected during the first day, the
strain of the drying shrinkage samples during the first day before demolding was not
neglected. The strain of those prismatic samples during the first day can be assumed to be
equivalent to autogenous shrinkage as the prisms were under curing during the first day
and up to seven days. The total shrinkage at each day was determined as the summation of
the first day autogenous shrinkage and the drying shrinkage reading that started after the
first day as shown in Figures 7-1, 7-2, 7-3 and 7-4, where Figures 7-2 and 7-4 show the
total shrinkage up to 35 days for the FR-SCC and FR-SWC mixtures, respectively.
Mixtures made with fibers and EA exhibited up to 66% lower total shrinkage after one
year.
All SCC and FR-SCC mixtures exhibited maximum expansion on the seventh day
of moist curing with values ranging from 220 to 290, however 90% of the expansion was
developed on the third day. The use of ST1 fiber without EA decreased the 1-year total
shrinkage by 23%, further decrease was monitored for mixture 0.5ST1-SCC-4G due to the
addition of EA, where the decrease in total shrinkage reached 58%. The mixture 0.5STST-
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SCC-4G exhibited the lowest shrinkage that was 33% of the reference SCC mixture (SCC0EA).
All SWC and FR-SWC mixtures exhibited maximum expansion on the seventh day
of moist curing with values ranging from 175 to 240, however 95% of the expansion was
developed on the third day. The use of ST1 fiber without EA decreased the 1-year total
shrinkage by 15%, further decrease was monitored for mixture 0.5ST1-SWC-4G due to the
addition of EA, where the decrease in total shrinkage reached 60%. The mixtures
0.75STST-SWC-4G and 0.75-5D-SWC-4G exhibited the lowest shrinkage that was 35%
of the reference SWC mixture (SWC-0EA).

Figure 7-1: Total shrinkage of SCC and FR-SCC mixtures.
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Figure 7-2: Early age total shrinkage of SCC and FR-SCC mixtures.

Figure 7-3: Total shrinkage of SWC and FR-SWC mixtures.
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Figure 7-4: Early age total shrinkage of SWC and FR-SWC mixtures.

7.3.2

Restrained Shrinkage. The steel ring strain profiles of the investigated

mixtures in the restrained shrinkage test are plotted in Figure 7-5. The cracking potential
of concrete is dependent on the combination of several factors, including autogenous and
drying shrinkage, modulus of elasticity, tensile strength, and creep. As expected, the SCC
mixture without any EA and fiber exhibited the lowest restrained shrinkage resistance and
had a tcr of 12.5 days given its highest shrinkage and elastic modulus at early age, and
lowest tensile strength. The SWC mixture, with a lower cement content compared to SCC,
exhibited lower shrinkage and higher restrained shrinkage resistance with tcr of 16.5 days
compared to SCC mixture with tcr = 12.5 day. The use of EA without fibers increased the
tcr to be 20 days; that increase was lower in the case of using ST1 fiber but no EA (tcr = 17
day). The combined use of ST1 fibers and EA led to a significant enhancement of restrained
shrinkage resistance with tcr = 36.5 day.
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The type of fibers had a great impact on restrained shrinkage resistance, where
mixtures made with PLP and STST fibers had the highest and the lowest cracking potential,
respectively. The rings made with 0.5PLP-SCC-4G mixture cracked after 14.5 days with
when subjected to one day of moist curing. The rings made with 0.5STST-SCC-4G mixture
cracked after 40.5 days with when subjected to one day of moist curing. One-day of curing
is an extreme condition in the case of using EA and not sufficient for EA develop enough
expansion. The rings made with the later mixtures never cracked when curing time was
seven days.
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Figure 7-5: Variations of steel ring strain due to shrinkage of concrete ring as a function
of time.

Figure 7-6 summarizes the tcr for the tested rings. Rings made with non-fibrous SCC
without and any EA cracked after 12.5 days. Rings made with SCC-4G mixtures cracked
after 15.5 days when cured for 1 day. Increasing curing time to 7 days increased tcr to 20
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days. FR-SCC Rings made with EA combined with PLP, ST1, and STST fibers, cracked
after 14.5, 17, and 40.5 days, respectively, when the rings were cured for one day.
Increasing time of curing to 7 days increased cracking resistance, where 0.5ST1-SCC-4G
mixture cracked after 36.5 days and 0.5ST1-SCC-4G never cracked.

Figure 7-6: Net time to crack due to restrained shrinkage.

7.4

REMARKS
A comprehensive study was carried out for the FR-SCC and FR-SWC mixtures to

investigate the effect of fiber type and volume combined with EA on shrinkage and
cracking potential. Based on the test results reported herein, the following conclusions can
be warranted:
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1. All SCC and FR-SCC mixtures exhibited maximum expansion on the seventh
day of moist curing with values ranging from 220 to 290, however 90% of the
expansion was developed on the third day.
2. The mixture 0.5STST-SCC-4G exhibited the lowest shrinkage that was 33%
of the reference SCC mixture (SCC-0EA).
3. All SWC and FR-SWC mixtures exhibited maximum expansion on the seventh
day of moist curing with values ranging from 175 to 240, however 95% of the
expansion was developed on the third day.
4. The mixtures 0.75STST-SWC-4G and 0.75-5D-SWC-4G exhibited the lowest
shrinkage that was 35% of the reference SWC mixture (SWC-0EA).
5. Rings made with non-fibrous SCC without and any EA cracked after 12.5 days.
Rings made with SCC-4G mixtures cracked after 15.5 days when cured for 1
day. Increasing curing time to 7 days increased tcr to 20 days.
6. FR-SCC Rings made with EA combined with ST1 and STST fibers, cracked
after 17 and 40.5 days, respectively, when the rings were cured for one day.
Increasing time of curing to 7 days increased cracking resistance, where
0.5ST1-SCC-4G mixture cracked after 36.5 days and 0.5ST1-SCC-4G never
cracked.
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8.1

EFFECT OF FIBER CHARACTERISTICS ON THE STRUCTURAL
PERFORMANCE OF FIBER-REINFORCED SELF-CONSOLIDATING
CONCRETE AS A REPAIR MATERIAL

BACKGROUND
This part of the study aimed at evaluating the influence of different types of fibers

on the flexural response and to develop FR-SCC mixtures targeted for the use in repair
applications. The optimized FR-SCC mixtures were used in the repair of full-scale
reinforced concrete beams. The validation of structural performance was carried out on the
full-scale beam elements using four-point bending test. These beams were cast in two
layers to simulate repaired structural elements. The concrete used for casting the repaired
part was either SCC or FR-SCC. The parameters considered in this part of the study were:
- Fiber type: one synthetic, one hybrid, and three steel fiber types;
- Fiber volume: 0 and 0.5%
- Expansive agent: 0%, 4% G-Type
In total, 10 repaired beams measuring 300 × 200 × 2400 mm were prepared. Two
full-scale beams were cast from each mixture, 5 mixtures for repaired beams. Two beams
were cast monolithically using CVC as a reference beam.

8.2

BEAM DESIGN
Typical monolithic and repaired beams measuring 200 mm width, 300 mm height,

and span measuring 2400 mm beams were prepared to assess their structural performance
using four-point bending test. The beams were designed to have a flexural failure not a
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shear failure. The beams were designed as an under reinforced section to undergo yielding
in steel rebar before compression failure take place in the compression block part. All of
the prepared beams had a typical configuration of reinforcement, as shown in Figure 8-1.
The beams were reinforced with three longitudinal #4 bars for tension, two longitudinal #3
bars for compression, and steel stirrups of #3 spaced at 125 mm. The side and vertical clear
covers were kept constant at 1 in. for all the beams.

Figure 8-1: Typical configuration of reinforcement.

Thickness of the repair was designed so it covers three requirements:
–

Ease of concrete placement

–

Ensure sufficient bond with rebar

–

Limit the thickness of repair section for economic considerations
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Generally, the codes regulate the removal of concrete behind the steel bars to a
minimum distance of 25 mm. In this study, the minimum repair thickness (Th), including
the 25 mm of removed section, is expressed as follows:
Th (mm) ≥ [e + Φ1 + Φ2 + 1] = 74 mm
where:
e: steel cover to the exterior face of the transversal stirrups (e = 25 mm);
Φ1: diameter of the longitudinal steel bars, #4 (Φ1 = 12.5 mm);
Φ2: diameter of the transversal steel stirrups, #3 (Φ2 = 10 mm).
A repair thickness of 100 mm, which was equivalent to one third of total height of beam,
was selected.

8.3

PREPARATION OF BEAMS AND INSTRUMENTATION
Figure 8-2 shows procedure of tying rebar cages, where all of the stirrups were bent

first then all of the longitudinal rebar and finally the cage was built by attaching the steel
rebar and the stirrups using tying wires. After the assembling of the reinforcement cage,
three strain gauges were glued to the middle of the three longitudinal #4 bars (mid-span of
the beams) as shown in (Figure 8-3) using Catalyst-C, M-Bond 200 adhesive, and M- Coat
B of Vishay Micro-Measurements. Two Concrete surface attached strain gages were glued
to the mid-span top surface of each beam as shown in Figure 8-4. One LVDT was attached
to the mid span of the beam as shown in Figure 8-5 to monitor deflection of the beam at
the mid-span.
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Figure 8-2: Tying rebar cages.

Figure 8-3: Attaching of the strain gages to steel rebar.

Figure 8-4: Concrete surface attached strain gages.
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Figure 8-5: LVDT to monitor deflection of the beam.

8.4

CASTING, SAMPLING AND CURING OF REPAIRED BEAMS
The repaired beams were designed so that the load points and the supports do not fall

through the holes used for casting and air evacuation (Figure 8-6). Four holes were placed
vertically at equidistance of 600 mm between the longitudinal #3 bars and the stirrups
(Figure 8-7). One external hole was used for the repair casting and the other three holes for
air evacuation during the casting. Flexible and low-stiff PVC holes measuring 100 mm in
diameter and 200 mm in length, made basically as cylinder molds were used as holes for
repair casting and air evacuation during the casting. These cylinder molds were placed into
the reinforcement cage, which were inverted into the formwork (Figure 8-7).
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Figure 8-6: Casting points vs. supporting and loading points for repaired beams.

Figure 8-7: PVC holes.

8.5

CASTING OF SUBSTRATE
The repaired beams were cast in one layer into the inverted position with CVC as

substrate material, except for the bottom section of 100 mm to be repaired. This thickness
represented the repaired area in the tension zone along the total length of the beam. The
substrate was then compacted (Figure 8-8) and surfaced to have a height of 100 mm.
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Figure 8-8: Substrate casting (of the 2⁄3 upper beam height) in inverted position.

8.6

PREPARATION OF THE INTERMEDIATE SURFACE, DE-MOLDING
AND CURING OF SUBSTRATE
To ensure adequate bond and interlocking between the existing and new concrete

and to simulate the surface preparation of the old concrete, the surface of the latter was
simply sprayed with surface set retardant liquid (commercially known as Rugasol-S) as
soon as the CVC substrate was cast as shown in Figure 8-9. Then the substrate and
corresponding sampled specimens underwent the same curing conditions as in the case of
monolithic beams. After the removal of lateral sides of the formwork at 24 hours, the
concrete surface (representing interface between the existing and new concretes) was

182
cleaned by removing the retarded surface mortar using a water flush to roughen the surface
by exposing coarse aggregate and thus enhance bond to the repair concrete.

Figure 8-9: Spraying the substrate with set retardant.

8.7

CASTING OF THE REPAIR
Figure 8-10 shows the steps followed to cast the repair part. The repair section was

cast with the optimized repair mixtures using a half cubic yard hopper continuously throw
a funnel from one end allowing the concrete to go out form the next three holes.
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Figure 8-10: Repairing of CVC Beams using FR-SCC.

8.8

TESTING OF THE BEAMS
A loading system with hydraulic jacks and a load cell of 2225 kN (maximum

capacity) closed- loop MTS actuator was used to test beams under four-point bending, as
shown in Figure 8-11. The actuator was supported by a steel frame and the load was
transferred from the actuator to the tested beam through a steel spreader I-beam applied on
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the full width of the beam. The beam supported at two points 225 mm from the both ends
and loaded in the middle using two-point loads separated by 300 mm as shown in Figure
8-12.

Figure 8-11: Testing of repaired beams.

Figure 8-12: Loading points and supporting points (1 ft = 12 in. = 304.8 mm).

An automatic data acquisition system wired to a computer was used to read and
record electronically the loads as a function of different strains (deflection, strains of
compressive concrete and tension steel reinforcement). The beams were monolithically
loaded at a controlled displacement of 12.5 mm/min up to the failure. The applied load was
measured by the internal load cell on the actuator and the beams were instrumented with

185
linear variable displacement transducers (LVDT) and strain gauges for steel reinforcement
and concrete as mentioned before.

8.9

TESTING PROGRAM
Ten Beams were cast using CVC to the two thirds and then the bottom third of each

was cast using different FR-SCCs. The beams were tested using four-point flexural load
frame. The beams were loaded up to 3 in. deflection, a drop in the peak load by 20% or
significant delamination of the repair material, if any. Strain in steel rebar vs. strain in
concrete surface was measured using strain gauges, also the actuator load was monitored
vs. deflection for the tested beams. Table 8-1 shows the different SCC, and FR-SCC that
were used to cast the repair part.

Table 8-1: Mixture matrix for testing repaired beams.

8.10 RESULTS AND DISCUSSION
The investigated fiber-reinforced self-consolidating mixtures were found to be
suitable for repair applications. FR-SCC were able to flow horizontally under their own
weight along the length of 2440-mm beams and achieve good compaction in the absence
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of vibration without exhibiting defects due to segregation and blockage. Figure 8-13 shows
a Repaired beam loaded in flexural up to failure, where only flexural cracks can be
observed propagating through the FR-SCC repair and continuing straight to the CVC
substrate without any de-molding or pre-mature failure of the repair layer.

Figure 8-13: Repaired beam after loading up to failure.

Figure 8-14 shows load deflection curve for four different beams: one monolithic
CVC beam and three CVC-beams repaired using SCC and two different FR-SCC. One FRSCC was made using ST1 steel fibers at a fiber volume of 0.5% and with 4% G-Type EA.
The second FR-SCC was made with the same fiber type and volume but without any EA.
20. Repair of the CVC beam using FR-SCC increased the flexural capacity of the beam by
6% ± 3% and the toughness by 110% ± 15% in case of using 0.5% ST1 fibers with 4%
Type-G EA, while repair of the beams using FR-SCC made with 0.5% ST1 fibers without
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EA restored 90% ± 4% of the original CVC beam capacity and increased toughness by
22% ± 5%.
Figure 8-15 shows load deflection curve for CVC monolithic beam vs. several CVC
beams repaired using different FR-SCC mixtures. Repair of conventional vibrated concrete
(CVC) beams using FR-SCC increased the flexural capacity of the beam by 6% and the
toughness by 110% ± 15% in case of using 0.5% ST1 fibers with 4% Type-G EA, while
repair of the beams using FR-SCC made with 0.5% ST1 fibers without EA restored 90%
of the original CVC beam capacity and increased toughness by 22% ± 5%.. Repair of CVC
beams using plain SCC restored 88% ± 4% of the original CVC beam capacity and
increased toughness by 21% ± 6%. In case of FR-SCC made with 0.5% STST fibers the
restored strength was 97% ± 5%, while the toughness increased by 110% ± 15% vs. 94%
± 4% restored peak load and 80% ± 5% increase in toughness in case of the repair material
was FR-SCC made with 0.5% STPL fibers.
Figure 8-16 compares the first crack, yield, and peak loads of CVC beams repaired
with SCC and different FR-SCC mixtures as well as monolithic CVC beam. The combined
effect of fibers and EA had a positive impact on increasing the first crack load of the
repaired beams, which increased by up to 20% ± 4% compared to the first crack load of
the monolithic CVC beams. The combined effect of fibers and EA delayed yielding of steel
reinforcing steel bars where the beams repaired with 0.5ST1-SCC-EA yielded at 150 kN ±
3 kN, which corresponds to 95% of the peak load compared to CVC monolithic beams that
exhibited reinforcing steel bars yielding at 125 kN ± 2 kN, which corresponds to 85% of
the peak load.
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Figure 8-14: Monolithic CVC and repaired CVC-beams using SCC and different FRSCC (results shown for each mixture is an average of two tested beams).
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Figure 8-15: Monolithic CVC beam vs. repaired CVC beam using SCC and different FRSCCs (results shown for each mixture is an average of two tested beams).
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Figure 8-16: Critical loads of monolithic CVC beam vs. repaired CVC beam using SCC
and different FR-SCCs (results shown for each mixture is an average of two tested
beams).

8.11 REMARKS
1. Repair of conventional vibrated concrete (CVC) beams using FR-SCC can restore
the full capacity of the original section with some possible minor enhancement in
the capacity. The repair using FR-SCC mixtures increased the flexural capacity of
the beam by 6% ± 3% and the toughness by 110% ± 15% in case of using 0.5%
ST1 fibers with 4% Type-G EA, while repair of the beams using FR-SCC made
with 0.5% ST1 fibers without EA restored 90% ± 4% of the original CVC beam
capacity and increased toughness by 22% ± 5%.
2. Repair of CVC beams using plain SCC restored 88% ± 4% of the original CVC
beam capacity and increased toughness by 21% ± 6%.
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3. In case of FR-SCC made with 0.5% STST fibers the restored strength was 97%,
while the toughness increased by 110% ± 15% vs. 94% ± 4% restored peak load
and 80% ± 5% increase in toughness in case of the repair material was FR-SCC
made with 0.5% STPL fibers.

192
9

9.1

EFFECT OF FIBER CHARACTERISTICS ON THE STRUCTURAL
PERFORMANCE OF FIBER-REINFORCED SUPER-WORKABLE AND
FIBER-REINFORCED SELF-CONSOLIDATING CONCRETE AS A
CONSTRUCTION MATERIAL

BACKGROUND
This part of the study aimed at evaluating the influence of different types and

dosages of fibers on the flexural response of beams cast using SCC, FR-SCC, SWC, FRSWC, CVC, and FR-CVC mixtures targeted for the use in construction application. The
validation of structural performance was carried out on the full-scale beam elements using
four-point bending test. The parameters taken into account in this part of the study were:
- Fiber type: one synthetic, one hybrid, and three steel fiber types;
- Fiber volume: 0, 0.5% and 0.75%
- Expansive agent: 0%, 4% G-Type
In total, 30 monolithic beams measuring 300 × 200 × 2400 mm (b×h×L) were
prepared. Two full-scale beams were cast from each mixture.

9.2

EXPERIMENTAL PROGRAM
This section evaluated the flexural behavior of beam elements in order to compare

those of FR-CVC to fibrous mixtures of greater fluidity that necessitated low vibration
energy (FR-SWC) or no mechanical consolidation (FR-SCC). 20 monolithic full-scale
beams were cast using CVC, FR-CVC, SCC, FR-SCC, SWC and FR-SWC. The beams
were tested using four-point flexural load frame. The beams were loaded up to 75-mm
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deflection or a drop in the peak load by 20%. Strain in steel rebar vs. strain in concrete
surface was measured using strain gauges, also the actuator load was monitored vs.
deflection for the tested beams. Table 9-1 shows the different CVC, FR-CVC, SCC, FRSCC, SWC, and FR-SWC that were used to cast monolithic beams.

Table 9-1: Mixture matrix for testing monolithic beams.

9.3

RESULTS AND DISCUSSION
Figure 9-1 shows load deflection curve of SCC vs. FR-SCC made with two

different types of fibers; 30 mm hooked end steel fibers (ST1) and macro-micro steel fibers
(STST) incorporated at 0.5% fiber volume. Incorporation of ST1 fibers increased the peak
load by 14% ± 3% and toughness by 90% ± 7%, while in case of STST fibers the peak load
was increased by 6% ± 2% and toughness by 110% ± 13%.

194

200

SCC-ST1-EA

180
160
Load (kN)

140

SCC

120
100

SCC-STST-EA

80
60
40
20
0
0

10

20

30

40 50 60 70
Deflection (mm)

80

90

100

Figure 9-1: Effect of different fibers on SCC monolithic beams (results shown for each
mixture is an average of two tested beams).
Figure 9-2 shows load deflection curve of SWC vs. FR-SWC made with three
different types of fibers; 30 mm hooked end steel fibers (ST1) and macro-micro steel fibers
(STST), 65 mm hooked end steel fibers (5D). Both ST1 and STST fibers were incorporated
at 0.5% fiber volume, while (5D) fiber was incorporated at 0.5% and 0.75% fiber volumes.
Incorporation of 0.5% ST1 fibers increased the peak load by 14% ± 3% and toughness by
55% ± 5%, while in case of 0.5% STST fibers the peak load was increased by 19% ± 4%
and toughness by 95% ± 8%. Incorporation of 5D fibers at a fiber volume of 0.5% had
better effect on enhancing the flexural performance of FR-SWC compared to 0.75% fiber
volume, where in case of 0.5% fiber volume the toughness increased by 50% ± 9% vs. 86%
± 14% in case of 0.75% fiber volume and the peak load increased by 18% ± 2% in case of
0.5% fiber volume vs. 10% ± 4% fiber volume in case of 0.75% fiber volume.
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Figure 9-2: Effect of different fibers on SWC monolithic beams (results shown for each
mixture is an average of two tested beams).
Figure 9-3 shows load deflection curve for three different fiber-reinforced concrete,
FR-CVC, FR-SCC, and FR-SWC. Three types of concretes made with 0.5% ST1 steel
fibers and 4% G-Type EA. Incorporation of ST1 steel fibers to FR-CVC increased the
toughness by 140% ± 20% and the peak load by 9% ± 4%, while incorporation of ST1 steel
fibers to FR-SCC increased the peak load by 14% ± 3% and toughness by 90% ± 12%, and
incorporation of ST1 steel fibers to FR-SWC increased the peak load by 14% ± 3% and
toughness by 55% ± 5%.
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Figure 9-3: Effect of adding fibers to CVC, SWC and SCC monolithic beams (results
shown for each mixture is an average of two tested beams).
Figure 9-4 shows strain in steel rebar vs. strain in concrete for a monolithic beam
made with SCC with no fibers compared to those strains in case of a monolithic FR-SCC
beam made with 0.5% ST1 steel fibers. Fibers acted as an additional reinforcement for
concrete to the rebar, where the fibers delayed yielding of steel rebars compared to case of
concrete made without fibers. Steel fibers had a higher contribution in delaying steel rebar
yeilding compared to Syntatic fibers.
Figure 9-5 compares the first crack, yield, and peak loads of SCC beams and different
FR-SCC beams. The combined effect of fibers and EA had a positive effect on increasing
the first crack load of the tested beams, which increased by 20% ± 4% and 12.5 ± 5% for
beams made with mixtures 0.5ST1-SCC-EA and 0.5STST-SCC-EA, respectively,
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compared to the first crack load of the non-fibrous beams. The combined effect of fibers
and EA delayed yielding of steel reinforcing steel bars where the beams made with 0.5ST1SCC-EA mixtures yielded at 165 kN ± 5 kN, which corresponds to 88% of the peak load
compared to the non-fibrous beams that exhibited reinforcing steel bars yielding at 120 kN
± 3 kN, which corresponds to 95% of the peak load.
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Figure 9-4: Strain in steel rebar vs. strain in concrete for SCC and FR-SCC (results
shown for each mixture is an average of two tested beams).
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Figure 9-6 compares the first crack, yield, and peak loads of SWC beams and
different FR-SWC beams. The combined effect of fibers and EA had a positive effect on
increasing the first crack load of the tested beams, which increased by 30% ± 2% and 25%
± 3% for beams made with mixtures 0.5STST-SWC-EA and 0.5-5D-SCC-EA,
respectively, compared to the first crack load of the non-fibrous beams. The combined
effect of fibers and EA delayed yielding of steel reinforcing steel bars where the beams
made with 0.5ST1-SCC-EA mixtures yielded at 169 kN ± 4 kN, which corresponds to 93%
of the peak load compared to the non-fibrous beams that exhibited reinforcing steel bars
yielding at 127 kN ± 4 kN, which corresponds to 82% of the peak load.

9.4

REMARKS
1.

Incorporation of fibers with 4% Type-G EA to SCC increased toughness of fullscale concrete reinforced beams by 90% ± 7% and 110% ± 13%.in case of ST1
fibers and STST fibers, respectively

2.

Incorporation of ST1, STST, and 5D fibers with 4% Type-G EA in FR-SWC
full scale beams increased flexural strength by 14% ± 3%, 18% ± 2% and 19%
± 4%, respectively

3.

Incorporation of fibers with 4% Type-G EA to FR-SCC full scale beams
increased toughness by 95% ± 8% in case of STST fibers

4.

In case of FR-SWC full scale beams 0.5% fiber volume for 5D macro steel
fibers was better than 0.75% in terms of toughness and peak load
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5.

Fibers acted as an additional reinforcement for concrete to the rebar, where the
fibers delayed yielding of steel rebars compared to case of concrete made
without fibers
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Figure 9-5: Critical loads for monolithic SCC and different FR-SCCs beams (results
shown for each mixture is an average of two tested beams).
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Figure 9-6: Critical loads for monolithic SWC and different FR-SWCs beams (results
shown for each mixture is an average of two tested beams).
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10 EFFECT OF FIBERS ON THE FLEXURAL STEEL-REINFORCEMENT
DEMAND OF FIBER-REINFORCED SUPER-WORKABLE CONCRETE
BEAMS

10.1 RESEARCH SIGNIFICANCE
Super-workable concrete (SWC) refers to that concrete with higher workability
than conventional vibrated concrete (CVC) that requires limited mechanical consolidation
in order to fully encapsulate the steel reinforcing bars and ensure proper filling of the
formwork. SWC can be used for infrastructure construction and can have slump flow
values between of 400 and 550 mm. SWC requires up to 65% lower mechanical
consolidation energy compared to CVC to achieve same compressive strength [1] [2].
Given its lower binder content, which can be limited to 400 kg/m3, SWC can have a lower
paste content compared to self-consolidating concrete (SCC), hence reducing shrinkage
and the risk of cracking. However, SWC exhibits lower risk of shrinkage and cracking
compared to SCC, that risk still exists for both types of concrete due to their relatively high
paste content compared to CVC.
The incorporation of fibers to SWC helps in reducing shrinkage. One other major
advantage of the use of fibers with concrete is to enhance mechanical properties especially,
tensile strength, toughness, and enhances shrinkage resistance. Fibers can totally change
the behavior of fiber-reinforced self-compacting concrete (FR-SCC) and fiber-reinforced
super-workable concrete (FR-SWC) from brittle material to ductile material. Khayat and
Roussel [3] studied the mechanical properties of various FR-SCC mixtures made with
different types of binary and ternary cementitious materials, where the water-tocementitious materials ratio (w/cm) varied between 0.37 and 0.45 and the slump flow
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diameter varied between 650 and 530mm. Steel fibers measuring 38 mm in length were
incorporated at a dosage that varied between 0 and 1%, by volume. The authors reported
that the use of steel fibers with fiber volume (Vf) up to 1% in FR-SCC can significantly
increase flexural toughness.
Guan et al., [4] investigated the effect of longitudinal reinforcement ratio, volume
dosage of steel fiber and the beam height on flexural behavior of steel fiber reinforced highstrength concrete beams by conducting a parametric experimental study. Four longitudinal
reinforcement ratios, four steel fiber volume dosages and four different beam heights were
used. Ten beams of steel fiber reinforced high-strength concrete and one beam of
reinforced concrete were designed to investigate the flexural behavior of steel fiber
reinforced concrete beams. Three-point bending beam method was employed in their study.
The authors found that compared with the non-fibrous reinforced concrete beam, the
fibrous concrete beams had higher ultimate load and toughness and a considerable increase
for the ultimate flexural capacity of the steel fiber reinforced high-strength concrete beams
was observed by increasing the steel fiber volume dosage.
The effect of fiber type on the flexural strength, flexural toughness, and cracking
resistance of fiber-reinforced super-workable concrete was evaluated and compared to nonfibrous super-workable concrete beams. Thirteen steel-reinforced beams were cast using
super-workable concrete (SWC) and two different fiber-reinforced super-workable
concretes (FR-SWC). First FR-SWC was made with 0.5% fiber volume of a combination
between a hooked end macro and micro steel fibers measuring 30 and 13 mm in length,
respectively (STST). Second FR-SWC was made using 0.5% fiber volume of a triple
hooked end steel fiber measuring 65 mm in length (5D). Five different bottom rebar
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densities were included in this study ranging between 1665 and 3410 cm2. A loading
system with hydraulic jacks and a load cell of 2225 kN (maximum capacity) closed-loop
MTS actuator was used to test beams under four-point bending.

10.2 EXPERIMENTAL PROGRAM
10.2.1 Materials and Mixture Proportioning. In this Section of study
cementitious materials included a Type I/II cement and a Class C fly ash (FA) with Blaine
fineness of 390 and 500 m2/kg, respectively. A Type-G expansive agent (EA) was used to
decrease shrinkage. The Type-G EA is a CaO-based system, which upon reaction with
water produce calcium hydroxide (Ca(OH)2) crystals that leads to expansion.
A crushed limestone aggregate with a nominal maximum aggregate size of 12 mm,
specific gravity of 2.54, and water absorption of 3.81% was used for the SWC and FRSWC mixtures. In the case of SCC and FR-SCC mixtures, pea gravel with MSA of 10 mm,
specific gravity of 2.8, and water absorption of 3.08% was used. A continuously graded
natural sand with a fineness modulus of 2.6, specific gravities of 2.63, and water absorption
of 0.62% was used for all types of concrete. Two fiber types were used in this study. Table
10-1 summarizes the characteristics of these fibers. This included a micro-macro steel fiber
(STST) with 80% of a 30-mm length hooked end steel fiber combined with 20% micro
fibers measuring 13 mm in length fiber and a 65-mm steel fiber with a triple hooked (5D).
A polycarboxylate-based high-range water-reducer (HRWRA) was added to increase the
concrete filling ability. A synthetic resin-based air-entraining admixture (AEA) was added
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to entrain air. A polysaccharide viscosity-modifying admixture (VMA) was added to
enhance stability of concrete.

Table 10-1: Characteristics of fibers.
Material

STST
80% macro steel 20% micro steel
hook

5D
steel

straight

hook

7.85
13
0.2
65
200
1100-1300

7.85
65
0.92
65
210
1160

Shape

Specific gravity
Length (mm)
deq (mm)
Aspect ratio
Es (GPa)
ft (MPa)

7.85
30
0.55
55
200
1100-1300

Table 10-2 summarizes the mixture proportioning of the three mixtures included in
this study. The mixture proportioning is based on the approach proposed by Voigt et al. [5]
to calculate the average thickness of the matrix layer enveloping fibers and coarse
aggregate particles on the basis of the multi-aspect concept. That involves the increase in
mortar content to maintain the same thickness of mortar around the coarse aggregate and
the fiber in FRC as that of mortar around the coarse aggregate in non-fibrous mixture.
10.2.2 Test Methods. Figure 10-1 shows the test setup for the beams as well as
the crack monitoring during beam testing. A loading system with hydraulic jacks and a
load cell of 2225 kN (maximum capacity) closed-loop MTS actuator was used to test
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beams under four-point bending. The beam supported at two points 130 mm from both
ends and loaded in the middle using two-point loads separated by 300 mm.

Table 10-2: Mixture proportions of stable mixtures.

SWC-0EA
0.5STST-SWC-4G
0.5-5D-SWC-4G

Total
Binders
(kg/m3)

FA
(%)

EA
(%)

Sand
(kg/m3)

Coarse
Agg.
(kg/m3)

VMA
(ml/m3)

HRWR
(ml/m3)

AEA
(ml/m3)

380
380
380

30
30
30

4
4

851
921
872

850
752
800

2500
2500
2500

1250
1820
1845

46
41
50

The beam was externally instrumented using concrete attached strain gauge at the
top surface of the beam as well as an LVDT to monitor the beam deflection at the midspan. Every steel reinforcing bar was instrumented using a strain gauge at the mid-span.
The test was paused every 22.25-kN loading to monitor the maximum crack width until
reaching peak load or 25-mm deflection. After reaching peak load or 25-mm deflection the
test was paused every 12.5-mm deflection to monitor the maximum crack width. The
maximum crack width was measured using an optical crack meter. The test was stopped
when beams reached 75-mm deflection or failure. Beam was considered failed when it
reached 50% of the peak load.
Table 10-3 shows the details of the investigated beams that were cast using SWC
and two different FR-SWC. The five rebar configurations were; 2#4, 2#4 + 1#3, 3#4, 2#4
+ 1#5, and 2#5 + 1#4. All of the beams were 300 * 200 mm cross-section and 2.45-m span.
Electrical type strain gauges were attached to the surface of the bottom steel rebars
to monitor the tensile strain in the rebars during flexural testing. The surface of the steel
rebars was first ground to remove all of the ribs and to produce a smooth surface, the
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surface was then cleaned using alcohol and the strain gauges were glued to the surface of
the rebars. Figure 10-2 Shows three strain gauges attached to three rebars.

Figure 10-1: Beams testing and crack monitoring.

Table 10-3: Rebar configuration and concrete mixture.

0.5STST-SWC-4G
SWC-0EA
0.5-5D-SWC-4G

2#4
258 MM2
Beam 1
Beam 5
Beam 7

2#4 + 1#3
329 MM2
Beam 2
Beam 8

3#4
378 MM2
Beam 11
Beam 12
Beam 13

2#4 + 1#5
458 MM2
Beam 3
Beam 9

2#5 + 1#4
529 MM2
Beam 4
Beam 6
Beam 10
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Figure 10-2: Strain gauges attached at the middle of the bottom rebars.

Figure 10-3 shows the formwork used to cast the beams made of SWC and FRSWC mixtures. The formwork was steel type with spaced vertical ribs, stiff enough to
prevent any deformation during casting of concrete. The SWC and FR-SWC mixtures had
a slump flow of 21 ± 1 in. and air content of 7% ± 1%. Concrete was cast in one layer and
manually consolidated using 1.5-in. steel rods.
No bleeding was observed that resulted in well-finished surface. The beams were
cast outdoors and covered using wet burlap and plastic sheets for 24 hours. The beams and
occupying samples (Figure 10-4) were then demolded and transferred indoors. Beams
continued to cure using wet burlap and plastic sheets for 45 days, when concrete reached
the targeted strength.
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Figure 10-3: Formwork and cast beams.

Figure 10-4: Curing of beams and cylinders and occupying samples.

10.3 RESULTS AND DISCUSSION
Figures 10-5 and 10-6 show the testing activates for the 10 fibrous beams as well as
the failure of each beam. Beams made with FR-SWC mixtures (all beams except Beam #5)
experienced higher ductility and higher peak load compared to the beam made with the
SWC mixture (Beam #5). Higher ductility resulted in a combined failure of concrete
crushing and yielding of steel reinforcing bars.
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Figure 10-5: Testing beams #1 to #5.
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Figure 10-6: Testing beams #6 to #10.
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10.3.1 Load-Deflection Curve Analysis. Figure 10-7 shows the load-deflection
curves for the 10 tested beams. The beams were loaded until they reached a deflection of
75 mm, except for beam 6 that failed at an approximate deflection of 40 mm. The ultimate
flexural load ranged from 95 to 180 kN for the non-fibrous SWC beams and 110 to 220 kN
for the FR-SWC beams.
The use of the STST fibers increased the ultimate load in a more significant way in
the case of beams made with the lower steel reinforcement than those with the higher level
of reinforcing bars compared to beams made with the non-fibrous SWC of the same level
of reinforcement. The ultimate loads for the low and high reinforced FR-SWC beams made
with STST fibers were 110 and 185 kN, respectively, compared to 95 and 180 kN,
respectively, for the non-fibrous SWC beams. The use of the 5D fibers increased the
ultimate load significantly for both low and high steel reinforced beams compared to beams
made with the non-fibrous SWC.
The ultimate loads for the low and high reinforced FR-SWC beams made with 5D
fibers were 130 and 225 kN, respectively, compared to 95 and 180 kN, respectively, for
the non-fibrous SWC beams. This can be due to the triple hook end effect and the longer
development length for the 5D fibers compared to STST fibers that extended the benefit of
5D fibers over STST fibers to higher pull-out loads.
The ultimate load was directly proportional to the reinforcement density for both
fibrous and non-fibrous SWC beam types, which reflects excellent consolidation of the FRSWC that encapsulated all of the reinforced rebars.
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Figure 10-7: Load-deflection curves for the investigated beams.
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10.3.2 Crack Width Analysis. Figure 10-8 shows load-crack width relationship
for the 10 beams. The use of fibers had significant effect on reducing crack width. The
fibers helped increase the residual loads at minor cracks (<0.5 mm) and prevented sudden
increase in crack width and crack propagation beyond that limit compared to the nonfibrous SWC beams.
For the low steel reinforcement level, the crack width increased from 4 to 20 mm
with load increase from 102 to 111 kN for the FR-SWC beams made with STST fibers and
from 115 to 125 kN for the FR-SWC beams made with 5D fibers compared to 93 to 94 kN
in case of the non-fibrous SWC beams.
For high steel reinforcement level, the crack width increased from 4 to 20 mm with
load increase from 165 to 185 kN for the FR-SWC beams made with STST fibers and from
180 to 215 kN for the FR-SWC beams made with 5D fibers compared to 177.5 to 178 kN
in case of the non-fibrous SWC beams.
For both fibrous and non-fibrous SWC beams the maximum crack width at failure
was directly proportional to the rebar density, which indicates that replacing the amount of
steel rebars with steel fibers can help in reducing crack width.
10.3.3 Load and Crack Width Analysis. Figure 10-9 shows the variations of
the load results obtained at crack width of 0.4 mm with increasing of the flexural rebar
density at the tension side for the beams. The results are shown for beams cast made with
SWC and two different FR-SWCs. For the same rebar density, the load was greater by up
to 110 kN (167% higher) and 90 kN (133% higher) in the case of the fibrous beams made
with 5D and STST fibers, respectively, compared to the non-fibrous SWC beams. At the
lowest rebar density, the fibrous beams made with the STST fibers had higher load at 0.4
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mm crack width of 90 kN compared to 80 kN in the case of the concrete with 5D fibers.
A saving greater than 50% of steel rebars can be achieved in the case of fiber-reinforced
concrete flexural beams where the design is governed by the crack width criteria, such as
in marine environment beams.

Figure 10-8: Load-crack width relationship for the 10 tested beams.
(Low donates beam reinforced with 2 #4, modLow donates beam reinforced with 2 #4 + 1 #3,
modHigh donates beam reinforced with 2 #4 +1 #5, High donates beam reinforced with 1 #4 + 2 #5).

214

Load at W = 0.4 mm
200
180

-5D
SWC

160

Load (kN)

140

SWC-S

120

TST

100
80

SWC

60
40
20
0
200

250

300

350
400
As (mm2)

450

500

550

Figure 10-9: Load at crack width 0.4 mm vs. area of steel rebar.

10.3.4 Load and Deflection Analysis. Figure 10-10 shows the variations of the
load results obtained at 12.5 mm deflection with increasing of the flexural rebar density at
the tension side for the beams. The results are shown for beams cast made with SWC and
two different FR-SWCs. For the same rebar density, the load was greater by up to 90 kN
(60% higher) and 36 kN (50% higher) in the case of the fibrous beams made with 5D and
STST fibers, respectively, compared to the non-fibrous SWC beams. Savings greater than
40% and 16% of steel rebars can be achieved in the case of fiber-reinforced concrete
flexural beams made with 5D and STST fibers, respectively, where the design is governed
by allowable deflection of L/200 criteria [84], such as shallow beams.
10.3.5 Load and Strength Analysis. Figure 10-11 shows the variations of the
ultimate load results with increasing of the flexural rebar density at the tension side for
the beams. The results are shown for beams cast made with SWC and two different FR-
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SWCs. For the same rebar density, the load was greater by up 22.5% and 5% in the case
of the fibrous beams made with 5D and STST fibers, respectively, compared to the nonfibrous SWC beams. Savings greater than 25% and 6% of steel rebars can be achieved in
the case of fiber-reinforced concrete flexural beams made with 5D and STST fibers,
respectively, where the design is governed by ultimate load criteria.
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Figure 10-10: Load at def = 12.5 mm (L/200) vs. area of steel rebar.
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Figure 10-11: Ultimate load vs. area of steel rebar.
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10.3.6 Toughness Analysis. Figure 10-12 shows the variations of the toughness
computed at crack width of 0.4 mm (0.016 in.) with increasing of the flexural rebar density
at the tension side for the beams. The results are shown for beams cast made with SWC
and two different FR-SWCs. For the same rebar density, the toughness was higher by up
to 5 and 3.5 times in the case of the fibrous beams made with 5D and STST fibers,
respectively, compared to non-fibrous SWC beams.

Figure 10-12: Load at crack width 0.4 mm (0.016 in) vs. area of steel rebar.
Figure 10-13 shows the variations of the toughness computed at 12.5 mm (L/200)
deflection with increasing of the flexural rebar density at the tension side for the beams.
The results are shown for beams cast made with SWC and two different FR-SWCs. For
the same rebar density, the was higher by up to 90% and 60% in the case of fibrous beams
made with 5D and STST fibers, respectively, compared to non-fibrous SWC beams.
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Figure 10-14 shows the variations of the toughness computed at 38 mm (max
deflection [84] with increasing of the flexural rebar density at the tension side for the
beams. The results are shown for beams cast made with SWC and two different FR-SWCs.
For the same rebar density, the toughness was higher by up to 66% and 45% in the case of
fibrous beams made with 5D and STST fibers, respectively, compared to non-fibrous SWC
beams.
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Figure 10-13: Load at def = 12.5 mm (L/200) vs. area of steel rebar.
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Figure 10-15 summarizes the savings that can be achieved with the use of FR-SWC
compared to non-fibrous SWC in flexural beams for different design criteria. FR-SWC
beams made with the STST fibers showed significant savings up to 70% of the steel
reinforcing bars in the case of maximum crack width design criteria. The same concrete
showed moderate savings in the case of allowable deflection design criteria up to 16%,
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however savings were limited to 6% in the case of the ultimate load design criteria. FRSWC beams made with the 5D fibers showed significant savings in the three design criteria.
The savings were up to 60%, 40%, and 25% in the case of design criteria of maximum
crack width, allowable deflection, and ultimate load, respectively.
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Figure 10-14: Toughness at def = 40 mm (max) vs. area of steel rebar.
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Figure 10-15: Savings in steel reinforcement bars with FR-SWC.
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10.4 REMARKS
A comprehensive study was carried out to investigate the effect of fiber type on the
flexural strength, and cracking resistance of fiber-reinforced super-workable concrete fullscale beams and comparing that to non-fibrous super-workable concrete beams., the
following conclusions can be warranted:
1. Savings greater than 25% and 6% of steel rebars can be achieved in the case of
fiber-reinforced concrete flexural beams made with 5D and STST fibers,
respectively, where the design is governed by ultimate load criteria.
2. Savings greater than 40% and 16% of steel rebars can be achieved in the case of
fiber-reinforced concrete flexural beams made with 5D and STST fibers,
respectively, where the design is governed by allowable deflection of L/200 criteria,
such as shallow beams.
3. Savings greater than 50% of steel rebars can be achieved in the case of fiberreinforced concrete flexural beams where the design is governed by the crack width
criteria, such as in marine environment beams or crack free concrete.
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11 FIELD IMPLEMENTATION OF FIBER-REINFORCED CONCRETE IN
BRIDGE DECKS

11.1 RESEARCH SIGNIFICANCE
This section presents the results of a field implementation involving the use of highperformance concrete with adopted rheology for the new slab deck of a bridge near Taos,
Missouri. The two-span girder type bridge consists of four girders with span lengths
measuring approximately 38.4 m and 35.05 m in length. The width of the bridge is 9 m.
The end bents and intermediate bent axes were skewed at 15 degrees to the axes of the
girders, as shown in Figure 11-1. The FRC was developed as a part of a comprehensive
research project undertaken to develop fiber-reinforced self-consolidating concrete (FRSCC) for repair applications and fiber-reinforced super-workable concrete (FR-SWC) for
infrastructure construction [85]. A FR-SWC made with 0.5% micro-macro steel fibers and
5% CaO-based expansive agent (EA) that can develop high tensile strength, low shrinkage,
and high resistance to cracking was selected for the new deck slab of Bridge A8509 over
Route 50 near Taos, Missouri, hereafter referred to as the Taos Bridge. Although the
concrete was intended for construction of bridge substructure elements, a decision was
made to use it for the new deck slab work given the anticipated high tensile stresses in the
bridge deck at the intermediate bent and the relatively high concentration of steel
reinforcement necessitating the use of a highly flowable fibrous mixture. A highly
flowable fiber-reinforced concrete (FRC) was developed as a part of a comprehensive
research project undertaken with the Missouri Department of Transportation (MoDOT) and
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the RE-CAST (Research on Concrete Applications for Sustainable Transportation) Tier-1
University Transportation Center.
The project included the development of fiber-reinforced self-consolidating
concrete (FR-SCC) for repair applications and fiber-reinforced super-workable concrete
(FR-SWC) for infrastructure construction [85]. The FR-SWC made with 0.5% micromacro steel fibers. A CaO-based expansive agent (EA) was added at a dosage of 5% of
total binders. The purpose of using EA with fibers was to develop high tensile strength,
low shrinkage, and high resistance to cracking. Although FR-SWC was developed
originally for construction of bridge substructure elements, a decision was made to use it
for casting of the new bridge deck. The spacing of the top and bottom reinforcement bars
in the longitudinal direction was 190 and 125 mm, respectively, and 150 and 200 mm in
the transverse direction.
This study summarizes the results of an implementation project involving the use
of a high-performance highly flowable FRC for the new deck slab of the Taos Bridge. The
study discusses the properties of the concrete mixture used in the construction project, the
in-situ properties of the concrete collected over 260 days, and the results of a detailed finite
element modeling carried out to evaluate in-situ performance of the bridge deck. The
reported study consisted of nine tasks, as described below.
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Figure 11-1: Taos bridge elevation and plan.
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Task 1 includes development of a job special provisions. In collaboration with the
MoDOT Bridge Division, a job special provisions document regarding the production and
casting of the intended FR-SWC for the new deck slab of the Taos Bridge was produced.
The document was developed to provide material characteristics, fresh and hardened
properties, and develop a proven mixture composition for the FR-SWC.
Task 2 is conducting trial batches. Trial batches were conducted in collaboration
with the ready-mix concrete producer responsible for providing concrete to the job site.
Key fresh and hardened concrete properties were determined using the intended constituent
materials and chemical admixture. The performance of the concrete was compared to that
of the proposed FR-SWC that was developed by the research team for the construction of
bridge sub-elements [85]. Trial batches necessitated the modification of the proposed
mixture to satisfy specific constructability constrains involving a 2% transverse crown
slope for the bridge.
Task 3 conducts a mock-up placement. A mock-up placement was carried out to
verify the workability and finish ability of the modified FRC and to evaluate its ability to
hold the 2% crown slope.
Task 4 is the bride deck instrumentation. A comprehensive program involving 108
sensors was undertaken to evaluate in-situ concrete properties. The sensors were employed
to determine concrete temperature, relative humidity, and strain variations at different
locations of the bridge deck.
Task 5 involves testing concrete specimens to measure different properties. This
task involved taking concrete samples from seven ready-mix trucks out of the 40 truck
deliveries used for the bridge deck construction. Concrete was tested to determine
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workability, compressive strength, splitting tensile strength, flexural strength, elastic
modulus, and drying shrinkage.
Task 6 analyzes data acquisition and in-situ performance. Data were collected on a
weekly basis from six different locations on the bridge deck using a data acquisition
system. Sensors were positioned near the top, middle, and bottom of the 215 mm-thick
bridge deck in the longitudinal and transverse directions.
Task 7 performs a finite element analysis. A 3D finite element model (FEM) was
developed to estimate strains in the concrete deck due to the bridge’s own weight. The
FEM included the FRC that was used for the deck and diaphragm, as well as the pre-cast
concrete used for the girders.
Task 8 includes strain analysis for the bride deck. Thermal deformations of the
concrete slab, concrete shrinkage, and structural deformation were considered in the strain
analysis. The analysis was used to estimate concrete shrinkage during before the demolding
of the shrinkage prisms and the load distribution factor that reflects the portion of the load
carried out by the concrete slab.
Task 9 performs a field inspection. A field inspection was carried out to evaluate
cracking and deterioration of the bridge deck.

11.2 JOB SPECIAL PROVISIONS
In collaboration with the MoDOT Bridge Division, a job special provisions
document involving the production and casting of the intended FR-SWC for the new deck
slab of the Taos Bridge was produced. The document was developed to provide material

225
characteristics, fresh and hardened properties, and develop a proven mixture composition
for the FR-SWC. Table 11-1 summarizes the mixture proportioning of the proposed
concrete. A combination of micro and macro steel fibers was proposed to produce the FRSWC at a fiber volume of 0.5%. A binary cement made with 70% Type I/II portland cement
and 30% Class C fly ash was proposed. A Type G CaO-based expansive agent (EA)
corresponding to 5% of the total binder mass was specified to induce an initial expansion
and compensate for some of the shrinkage of the concrete. The targeted water-tocementitious materials ratio (w/cm) was 0.42 to enhance the durability of the concrete.

Table 11-1: Proposed mixture proportioning of FR-SWC.
Type I/II
Cement
(kg/m3)

Class C
fly ash
(kg/m3)

Type G
EA
(kg/m3)

255

110

19

Water
(L/m3)

Coarse
agg.
(NMSA
12 mm)
(kg/m3)

Sand
(kg/m3)

157

752

921

Fibers (pcy)
[kg/m3]
Macro
30 mm

Micro
13 mm

24.5

6

VMA
(L/m3)

HRWR
(L/m3)

AEA
(ml/m3)

2.3

3.8

42

Continuously graded crushed limestone aggregate with a nominal maximum size
of aggregate (NMSA) of 12 mm was used. The specified high range water reducing
admixture (HRWRA), air-entraining admixture (AEA), viscosity-modifying admixture
(VMA), and EA were the same as those of the presented FR-SWC in Reference 1. This
was in exception for the dosage of the EA that was increased from 4% to 5% to further
reduce drying shrinkage.
Table 11-2 summarizes the performance-based specifications for the recommended
FR-SWC mixture. The concrete is expected to develop an initial slump flow ranging of 50
to 575 mm, an air content of 6% to 9%, and high static stability with a visual stability index
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(VSI) of 0. The difference between the slump flow diameter and that of the modified JRing test should be less than 5 cm in order to ensure high passing ability. After 7 days of
moist curing, the concrete should have a maximum drying shrinkage of 450 µstrain after
120 days of drying.
After discussion between the research team, MoDOT Bridge Division, MoDOT
Research Division, the contractor, and the concrete supplier, a decision was made to limit
the concrete slump to 250 mm instead of a slump flow of 550 mm in order to prevent any
possible flow of the concrete over the 2% crown of the bridge deck.

11.3 TRIAL BATCHES
Between May 11 and 18, 2017, five trial batches were prepared with the concrete
supplier to re-produce the targeted mixture using the locally available materials. All
mixtures had the same cement and fly ash as recommended mixture in Table 11-1 and had
a constant dosage of AEA of 42 ml/m3 to secure an initial air volume of 5.5% to 7%. The
EA dosage was kept constant at 5% binder mass. The HRWR dosage was adjusted to
control the slump consistency. Table 11-3 presents a summary of the trial batches. Mixture
5 with an initial slump of 225 and 200 mm after 20 and 40 minutes, respectively, was
selected for the mock-up placement.
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Table 11-2. Characteristics of proposed FR-SWC mixture.
Fresh Properties
Time (minute)

20

40

60

80

Slump flow (mm)
(ASTM C1611)

560

545

495

445

VSI (ASTM C1611)

0

0

0

0

T-40 (sec)

1.5

2

3

5.5

Mod. J-Ring diameter (mm)

535

535

485

-

Air content (%) (ASTM C231)

8

7

7

6.5

Unit weight (kg/m3)
(ASTM C138)

2270
Hardened Properties

Age (days)
Compressive strength (MPa)
(ASTM C39)
Flexural strength (MPa)
(ASTM C78)
Drying shrinkage, 7 days of moistcuring (ASTM C157)
Restrained shrinkage
(ASTM C1581)

3

7

28

56

24.5

34.5

45

50

-

-

5.5

5.9

450 µstrain after 120 days
Low potential for cracking

11.4 MOCK-UP PLACEMENT
A 3 x 3 m mock-up slab with different densities of reinforcing bars was cast a week
before the anticipated new deck slab of the bridge. As shown in Figure 11-2, the reinforcing
bars’ densities representing different areas of the bridge deck were included to evaluate the
workability and finish ability of the proposed FRC mixture. Table 11-4 compares the
concrete performance obtained during the trial batches and later during the mock-up test.
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Table 11-3: Mixture proportioning and fresh properties of the trial batches.
Mixture
no.

Adjusted
w/cm

HRWRA
(L/m3)

1

0.46*

4.45

2
3

0.46*
0.46*

5.2
5.9

4

0.46*

7.4

Time of
test
(min.)

Slump
(mm)

Slump flow
diameter
(mm)

Mod. JRing
(mm)

Air
content
(%)

40

190

-

-

6.4

60

180

-

-

6.2

80
100

230
255

380
420

370
395

6.8
6

120

-

510

480

5.5

165
255
405
405
5.5
20
230
6.5
40
200
6.3
5
0.42
4.45
80
190
6.2
80
150
6
* Sand moisture was not determined correctly resulting in higher w/cm than the targeted value of 0.42.

Figure 11-2: Mock-up slab placement with different top rebar densities of 125 x 150 mm
and 250 x 150 mm that correspond to different locations along the bridge deck.
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Table 11-4: Properties of concrete cast for mock-up test vs. successful trial mixture.
Fresh property
Concrete temperature (°C)
Initial slump (mm)
Slump at 40 min (mm)
corresponding to time of concrete delivery
Slump at 60 min (mm)
Slump at 80 min (mm)
Air volume at 50 min (mm)
Air volume at 60 min (mm)
Air volume at 80 min (mm)

Trial batch
28
215

Mock-up
91
Not available

200

225 - directly from truck

190
150
160
160
150

200 - end of pumpline
115 - wheel barrow
140 - end of pump hose
120 - end of pump hose
115 - wheel barrow

Based on the results of the mock-up testing, the following observations and
recommendations was made:
Ø The full anticipated dosage of the HRWRA was added upon arrival of the concrete
truck to site. The concrete slump at 40 min was 225 mm when sampled from the
back of the truck and 8 in. at the end of pump line.
Ø Given the high slump of the concrete, the concrete surface did not maintain its
profile and exhibited some settlement. Therefore, recommendations were made to
lower the HRWRA dosage in order to reduce the slump of the concrete after
pumping to approximately 150 mm.
Ø The initial concrete temperature measured off the truck was 33 °C. Such high
temperature can lead to sharp loss of workability and anticipated difficulties in
consolidation and finishing. It was recommended to use ice to replace some of the
mixing water to reduce concrete temperature to mid-21s °C for the bridge deck
placement.
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Ø Rapid drying and tearing of surface were observed before the use of a finishing aid.
The use of the finishing aid proved to be effective in finishing the concrete during
the mock-up placement.
Ø A large internal vibrator was employed and was not kept immersed in the concrete
for a long time to avoid segregation. It was recommended to use smaller vibrators
(e.g., 25-40 mm in diameter) and to keep it in the concrete for enough time to ensure
proper consolidation without increasing the risk of segregation.
Ø Plastic shrinkage measures were recommended to mitigate the risk of plastic
shrinkage. This includes fogging on the job site, casting concrete early morning or
night, protect the surface from drying at all time, and the use of evaporation
retarder.
Ø It was recommended to develop plans for the finishing of the concrete to ensure
that the concrete surface can be adequately finished and decide on the actual need
for the finishing aid.
Ø It was also recommended to consult the fiber manufacturer about best practices for
casting and finishing of FRC.

11.5 INSTRUMENTATION
The bridge deck was instrumented with embedded strain gauges, relative humidity
sensors, and thermocouples to monitor concrete strains, relative humidity, and temperature,
respectively. Each of the six sets of the sensor towers had 18 sensors attached onto a plastic
frame, as shown in Figure 11-3. Six concrete embedded strain gauges were placed on each
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tower, near the top, middle, and bottom sections of the concrete deck in both the
longitudinal and transverse directions. Another set of six strain gauges were put directly
adjacent to the reinforcing steel bars in order to determine the strains of the concrete near
the reinforcing bars. Three of these strain gauges were placed in the longitudinal direction
and another three in the transverse direction. Three relative humidity sensors were added
to each tower near the top, middle, and bottom levels. Three thermocouples were also used
at each tower near the top, middle, and bottom levels. Six sensor towers were positioned
at different locations of the concrete deck around the intermediate bent, where high tensile
stresses are expected, as shown in Figure 11-4.

Figure 11-3: Instrumentation and dimensions of the sensor tower (dimensions are in inch
1 in. = 25.4 mm).

In total, 108 wires were used to connect sensors. The sensors were connected into
108 channels of a data acquisition system (DAS). In order to identify the wires and hook
each wire to the right channel, a codification was implemented. Each set of sensor wires
was labeled with different color labels and a unique code for each label.
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Table 11-5 shows the wire codification used to identify the sensor wires on one of
the six towers. The DAS was connected to a modem to transmit data remotely to Missouri
S&T on a daily basis. A solar panel was used to provide the DAS with power, as shown in
Figure 11-4.

Figure 11-4. Sensor tower locations around the intermediate bent (dimensions are in feet
1 ft = 0.3048 m).

The instrumentation of the bridge deck was performed after the completion of the
placement of the top and bottom steel reinforcing bars on the bridge deck. This was done
to minimize the risk of damage to the sensors. A limited number of sensors was damaged
during the concrete placement operations.
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Figure 11-5. Data acquisition system and solar cell positioned at the intermediate bent.

Table 11-5: Wire identification.
Gauge type, number,
and direction
Concrete 1 Long.
Concrete 2 Long.
Concrete 3 Long.
Concrete 4 Trans.
Concrete 5 Trans.
Concrete 6 Trans.
Rebar 1 Long.
Rebar 2 Long.
Rebar 3 Long.
Rebar 4 Trans.
Rebar 5 Trans.
Rebar 6 Trans.
Humidity 1
Humidity 2
Humidity 3
Thermocouple 1
Thermocouple 2
Thermocouple 3

Labeling
color
White
White
White
Yellow
Yellow
Yellow
Blue
Blue
Blue
Red
Red
Red
Green
Green
Green
Orange
Orange
Orange

Labeling
code
1-C-1
1-C-2
1-C-3
1-C-4
1-C-5
1-C-6
1-R-1
1-R-2
1-R-3
1-R-4
1-R-5
1-R-6
1-H-1
1-H-2
1-H-3
1-T-1
1-T-2
1-T-3

Length
(ft)
22
22
22
22
22
22
24
24
24
24
24
24
22
22
22
22
22
22

Starting
foot marker
2234
2256
2278
2300
2322
2344
2366
2390
2414
2438
2462
2486
2510
2532
2554
-

Ending foot
marker
2256
2278
2300
2322
2344
2366
2390
2414
2438
2462
2486
2510
2532
2554
2576
-
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11.6 CONCRETE PROPERTIES
11.6.1 Concrete Placement. The placement of the FRC was carried out between
approximately midnight and 7 am on July 26, 2017. In total, of 250 m3 of FRC were cast.
The concrete was successfully placed using two pumps located on the East and West sides
of the bridge. In total, 40 deliveries of concrete batched at volumes of 6.3 yd3 were used
for the mixing and delivery of the concrete. Given the high ambient temperature, ice was
used as partial replacement of the mixing water starting with the 12th truck delivery, as
noted in Table 11-6.
The sampling of the concrete for workability and compressive strength testing was
done for truck deliveries 2, 7, 12, 25, 21, 33, and 40. All sampling was made at the end of
pump line. Truck deliveries 21, 33, 37, and 40 were also sampled to evaluate splitting
tensile strength, flexural strength, elastic modulus, and drying shrinkage. Unfortunately,
the samples from Truck #37 were damaged by some construction activities before the
recovery of the test samples. The cylindrical 100 × 200 mm samples were prepared to
determine compressive and splitting tensile strengths and modulus of elasticity and were
cast in two lifts and subjected to consolidation using 10 mm diameter rods. Prismatic
samples measuring 75 × 75 × 400 mm were used to evaluate flexural strength, and 75 × 75
× 285 mm prisms were used to determine drying shrinkage. All prismatic samples were
cast in two lifts and consolidating using 10 mm steel rods.
The samples were stored under wet burlap and plastic sheets and were then
transported under wet conditions to the Advanced Construction Materials Laboratory at
Missouri S&T. The samples were de-molded at 30-36 hour of age, depending on the
sampled concrete delivery, then subjected to moist curing in lime-saturated water. The
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samples used to determine mechanical properties were maintained under saturated
conditions until the time of testing. The prisms used for drying shrinkage were then stored
at 50% ± 4% relative humidity at 22 ± 1 °C. Figure 11-6 shows photographs of the concrete
pumping, placement, sampling, and finishing activities.
11.6.2 Fresh Concrete Properties. Table 11-6 summarizes the fresh properties
for samples taken from the seven sampled trucks. For Truck #2, half of HRWRA was added
at the batching plant with the other half divided into two parts for addition as needed on
site. Starting at Truck #12, ice was used from ice bags added to the back of the ready-mix
trucks on the job site. As indicated in Table 11-6, the sampled trucks had 14 kg/m3 of ice
added at the job site. The equivalent water was held back at the batching plant to maintain
the same w/cm. The slump consistency of the seven sampled trucks determined after
pumping ranged from 150 to 250 mm, the air volume ranged from 4.4% to 5.8%, and the
concrete temperature ranged from 29 to 36 °F.

Figure 11-6: Concrete pumping, placement, sampling, and finishing.
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Table 11-6: Fresh properties of concrete samples taken from different truck deliveries.
Truck
no.
2
7
12
25
21
33
40

HRWR added
on site (% of
total anticipated
dosage)

Ice
added
on site
(kg/m3)

75% (3.45 L/m3)
100% (4.6 L/m3)
70% (3.2 L/m3)
63% (2.9 L/m3)
75% (3.45 L/m3)
75% (3.45 L/m3)
75% (3.45 L/m3)

0
0
24
24
24
24
24

Time of
samplin
g at end
of
pump
0:55
1:50
3:00
4:50
3:15
5:50
6:30

Air
volume

Slump

Ambient /
concrete
temperature

Time

mm

Time

%

(28 / 36 oC)
(27 / 33 oC)
(23 / 30 oC)
(23 / 31 oC)
(24 / 31 oC)
(22 / 29 oC)
(24 / 32 oC)

1:08
2:00
3:10
5:15
3:25
5:55
6:40

150
225
250
150
160
215
215

1:10
2:02
3:10
5:20
4:30
6:02
6:45

4.4
3.8
5.5
5.8
5.2
5.4
5.2

Unit
weight
(kg/m3)
147.9
146.9
142.4
144.0
144.4
144.0
143.3

11.6.3 Hardened Concrete Properties. Compressive strength at 28 and 56 days
was determined for samples taken from seven trucks. Samples taken from Trucks # 21, 33,
and 40 were further tested for splitting tensile strength, flexural strength, elastic modulus,
and drying shrinkage. Three samples were used for compressive strength and splitting
tensile strength, as shown in Table 11-7. The mean compressive strength values ranged
from 40 to 48 MPa at 28 days with an overall mean value of 45 MPa. These values ranged
from 48 to 58 MPa at 56 days with an overall average value of 54 MPa.
The mean splitting tensile strength values ranged from 5.4 to 7.25 MPa at 28 days
with an overall mean value of 6.5 MPa. These values ranged from 7.8 to 6.1 MPa at 56
days with an overall average value of 7 MPa. Four samples were taken from each truck to
determine the 56-day flexural strength. The 56-day flexural strength ranged from 5.3 to 6.3
MPa with an overall mean value of 5.8 MPa.
Samples prepared for testing the elastic modulus were tested after 3 and 56 days.
The average 3- and 56-day elastic modulus values were 25 and 26.6 GPa, respectively.
Two samples were taken from each truck for drying shrinkage testing. Figure 11-7 shows
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the drying shrinkage results for concrete sampled from three trucks. The initial expansion
reached a peak value after 7 days, corresponding to the end of moist curing, with an average
expansion of 125 micro-strain. The concrete exhibited shrinkage thereafter. The average
shrinkage values of all tested samples after 56 and 260 days were limited to 185 and 320
micro-strain, respectively.
Two 95 × 200 mm cores were taken from the mock-up slab to measure the coefficient
of thermal expansion (CTE). The cores dimensions were not matching the standard CTE
test (AASHTO 336-09). A customized test was performed using surface attached strain
gauges and thermocouples attached to the cores surface and hooked to a data accusation
system. The samples were submerged in water and were put in a temperature control
chamber. The temperature was changed from approximately 22 °C to 52 °C then back to

Drying Shrinkage (micro-strain)

22 °C. The average measured value of the CTE was 0.98 × 10−5 micro-strain/°C.

200
175
150
125
100
75
50
25
0
-25
-50
-75
-100
-125
-150
-175
-200
-225
-250
-275
-300
-325
-350
-375
-400

Truck #21

Truck #33

Truck #40

End of moistcuring

7 days
0

20

40

60

80

100

120

140
160
Time (day)

180

200

220

240

Figure 11-7: Drying shrinkage results from different results.

260

280
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Table 11-7: Mechanical properties and drying shrinkage.
Truck
no.

2

7

12

25

21

33

40

f’c (psi)
(C.O.V., %)
28 d
7,080
6,810
7,050
6,980
(2.1)
6,610
6,570
6,320
6,500
(2.4)
5,420
5,370
6,240
5,780
(8.6)
6,990
6,690
6,980
6,890
(2.5)
6,770
6,710
6,860
6,780
(1.1)

56 d
8,530
8,190
8,360

28 d
X

28 d
X

3d
X

56 d
X

3d
X

56 d
X

Drying
shrinkage
(micostrain)
28 d
X

7,550
8,110
7,830

X

X

X

X

X

X

X

7,550
7,050
6,450
7,020
(7.8)
8,300
8,300

X

X

X

X

X

X

X

X

X

X

X

X

X

X

8,100 780
7,850 970
8,420 840
8,120 860
(3.5) (11.3)

960
890
990
950
(5.4)

780
970
840
860
(11.3)

6,120
6,570
6,280
6,320
(3.6)

7,580
7,850
7,320
7,580
(3.5)

1,130
1,100
970
1,070
(7.9)

1,050
1,040
890
990
(9)

780
770
810
830
800
(3.3)
800
860
910
800
840

5,250*
6,210
6,170
5,880
(9.2)

*sample may be damaged
* 1 psi = 0.00689 MPa
* 1 ksi = 0.00689 GPa

7,580
6,850
7,060
7,160
(5.2)

ft (psi)
(C.O.V., %)

1,050
1,040
890
990
(9)
1,060
1,020
920
1,000
(7.2)

1,190
1,080
1,150
1,140
(4.9)

Flexural
strength (psi)

1,060
1,020
920
1,000
(7.2)

E-modulus
(ksi)

3,750 3,930
3,780 3,980

-600
-610

3,765 3,955

-605

3,690 3,870
3,720 3,920

-595
-585

3,705 3,895

-580

(5.6)
880 3,570 3,690
860 3,450 3,740
910
930 3,510 3,715
900
(3.6)

-580
-610
-495
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11.7 IN-SITU DATA ACQUISITION
Figure 11-8 plots the variations of temperatures determined for the six towers. The
data are provided for thermocouples near the upper, middle, and lower sections of the
concrete deck (referred to here as Temp. 1, Temp. 2, and Temp. 3, respectively). The
temperature was shown to increase by 25 oC at the first day to reach 60 oC and dropped to
the ambient temperature of approximately 35 oC after one day and varied on daily basis
thereafter.
Figure 11-9 shows the variations of concrete strain near the upper, middle, and lower
sections of the concrete deck in the longitudinal and transverse directions. The strain is the
summation of the structural strain due to self-weight of the concrete, strain due to the
variations in the temperature, and strain due to shrinkage or expansion of the concrete
material. The highest tensile strain of approximately to 2,100 micro-strain was recorded
near the top of the bridge deck at the intersection of the intermediate bent with one of the
pre-cast concrete girders.
Figure 11-10 shows the variations of the total strain in the concrete determined
immediately adjacent to the steel reinforcement in the longitudinal and transverse
directions. Sensors Long 1, Long 2, and Long 3 correspond to three embedded sensors
located adjacent to three longitudinal top steel reinforcing bars close to sensor towers under
consideration. Similarly, sensors Trans 1, Trans 2, and Trans 3 are three embedded sensors
located adjacent to three transverse top steel reinforcing bars close to the sensor towers
under consideration.
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Figure 11-8: Temperature variations at upper, middle, and lower layers of concrete deck
(1, 2, and 3, respectively) for the six sensor towers [1°F= (-17.22°C × 9/5) + 32].
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Figure 11-9: Variations of the concrete strain at upper, middle, and lower layers of
concrete deck in the longitudinal and transverse directions for the six sensor towers.
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Figure 11-10: Variations of concrete strain determined adjacent to steel reinforcing bars
in the longitudinal and transverse directions located at the six sensor towers.

243
Figure 11-11 shows the variations of the relative humidity that ranged between 90%
and 100%. The values then decreased with time to reach values of 82.5% ± 2.5%. The loss
in relative humidity was sharper near the top of the bridge deck than that in the middle or
the bottom sections.
The steady state relative humidity value at the top was approximately 80% compared
to 85% and 82% at the middle and lower parts of the deck. The variations of relative
humidity were minor beyond 60 ± 5 days, as indicated in Figure 11-11; the variations are
therefore portrayed as straight lines. The in-situ data were collected up to 260 days at the
time of preparation of this report. The sensors will continue to be monitored to update the
results.

Figure 11-11: Variations of relative humidity of concrete at sensor towers 1, 2, and 5.
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11.8 FINITE ELEMENT MODELING
A 3D finite element model (FEM) was developed using SAP2000 to predict the top
and bottom strains in the concrete deck due to the self-weight of the bridge in the
longitudinal and transverse directions. As shown in Figure 11-12, two coordinate systems
(X1-Y1 and X2-Y2) were used to model the bridge given the presence of the end bents and
intermediate bent axes that are at a skew of 15 degrees to the axes of the girders. Only area
elements were used to model this bridge. The bridge deck was divided into elements above
the girders where the mesh thickness was equivilant to the slab thickness plus the upper
flange thickness as well as elements between the girders with a thickness equivilant to the
slab thickness. The bridge girders were simply supported. Two materials were defined:
FRC used for modeling the concrete deck and diaphragm at the intermediate bent as well
as the pre-cast concrete that was used for the bridge girders. The compressive strength and
elastic modulus of the precast girders were taken as 55 MPa and 34.5 MPa, respectively.
FEMs models were run at concrete ages of 3, 56, and 260 days where the modulus
of elasticity values were 25.3, 26.66, and 28.3 GPa, respectively. A typical 300 mm MPa
mesh element was used for meshing the bridge, as shown in Figure 11-13. Loads included
the self-weight of all modeled elements plus the weight of the concrete side bridge barrier
that was applied as a line-load to the side-edges of the bridge. Figure 11-14 shows the
deformed shape of the bridge.
Table 11-8 summarizes the top and bottom strains in the bridge deck in the
longitudinal and transverse directions at the six sensor tower locations that are estimated
from the 3D FEM.
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Figure 11-12: 3D finite element modeling of Taos Bridge.
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Figure 11-13: Typical elements of 12-in. mesh.

Figure 11-14. Deformation output of the bridge under self-weight.
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Figures 11-15 and 11-16 show the stress at the top of the bridge deck in the
longitudinal and transverse directions, respectively. In the longitudinal direction, the
stresses can reach the maximum positive values at the points of contact of the girder to the
diaphragm. The stress decreases gradually along the bridge length to attain maximum
negative values near mid-span. In the transverse direction, tensile stresses are shown to be
positive near the diaphragm, which is due to the fact that the slab is acting as a top flange
for the diaphragm. Away from the diaphragm, stresses are positive above the girders and
negative in-between girders. The area where the six towers are located is under tension in
the longitudinal and transverse directions.

Figure 11-15. Stresses in longitudinal direction computed using SAP2000.
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Figure 11-16. Stresses in transverse direction computed using SAP2000.
Table 11-8: Top and bottom strains in bridge deck at locations of six sensor towers.
Tower
#
1

2

3
4
5
6

Concrete
age
(days)
3
56
260
3
56
260
3
56
260
3
56
260
3
56
260
3
56
260

Longitudinal
Top strain
Bottom strain
(micro-strain) (micro-strain)
1,050
260
1,150
420
1,090
400
1,050
260
1,150
420
1,090
400
350
170
400
200
610
220
2,000
1,100
2,250
1,200
2,350
1,220
1,050
300
1,150
500
1,350
600
1,100
800
1,150
850
1,250
950

Transverse
Top strain
Bottom strain
(micro-strain) (micro-strain)
870
420
900
435
1,000
535
870
420
900
435
1,000
535
150
120
190
150
290
200
400
50
550
55
700
85
1,200
700
1,300
800
1,450
1,000
490
100
500
150
520
300
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11.9 STRAIN ANALYSIS
A strain model was proposed to evaluate strain data collected from the concrete
embedded sensors. The model represents the total strain taken as the summation of strain
values due to thermal deformation, concrete expansion or shrinkage, and structural
deformation, as shown in Figure 11-17. Shrinkage strain can be computed from the
laboratory testing of drying shrinkage (Figure 11-7). Thermal strains can be estimated by
multiplying the temperature variations by the coefficient of thermal expansion. The
structural strain was estimated from the FEM analysis and are reported in Table 11-8.

Figure 11-17: Proposed strain modeling for the bridge deck.

The total strain from sensor readings can be estimated using Equation 11-1 as
follow:

e En2Gkr = åe &r„ + e ‚L(‚¥ œrG æ + (DTemp ∗ a) + (𝐾 ∗ e ^ot )

(11-1)

where e En2Gkr is the strain from the sensor reading, e &r„ is the shrinkage strain calculated
after 30-36 hours of age (time of demolding of shrinkage samples), e ‚L(‚¥ œrG is the
shrinkage strain between the setting time of concrete and the time of demolding, DTemp is
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the temperature variation, a is the coefficient of thermal expansion, e ^op is the structural
strain due to bridge self-weight (estimated using FEM, SAP2000), and K is the load
distribution factor. This factor represents the ratio between the portions of the load carried
out by the concrete slab to the total load carried out by the slab, stay-in-place corrugated
sheet formwork supporting the slab, and precast girders. The K value is expected to be
close to zero when the concrete is plastic where all of the load is supported by the formwork
and existing girders. The K factor increases thereafter towards 1. All parameters in
Equation 11-1 are known previously from sensor data, FEM, and material properties
measured in the lab, except for e ‚L(‚¥ œrG and K factor. In order to calculate these two
unknown parameters, two methods were followed to solve Equation 1:
Method 1 – Applying Equation 1 at each strain reading separately assuming that
the value of e ‚L(‚¥ œrG is zero. This will result in four values for the K factor at each sensor
tower (K1, K2, K3, and K4) calculated using the strain values near the top and bottom of the
concrete deck at each tower location under consideration in the longitudinal and transverse
directions. After conducting this analysis, if the values of K1 to K4 are similar and lie
between 0 and 1, the assumption that the concrete has no strain (autogenous shrinkage) at
the time of demolding would be correct. Otherwise, the assumption can be judged to be
wrong, and the second method needs to be followed where e ‚L(‚¥ œrG ≠ 0.
Method 2 – Applying Equation 11-1 at each tower separately in the longitudinal
and transverse directions. The top and bottom strain values were used to solve Equation 1
at each sensor tower location, first in the longitudinal direction and then in the transverse
direction in order to compute the two unknown values (e ‚L(‚¥ œrG and K). The outputs at
each tower will be the load distribution factor in the longitudinal direction (KL), in the load

251
distribution factor in the transverse direction (KT), and the two values for e ‚L(‚¥ œrG , the
average value of e ‚L(‚¥ œrG is considered in the analysis.
The age of concrete affects the structural strain since the elastic modulus of the
concrete increases, hence resulting in higher K factor with more stress being transferred to
the bridge deck. The expansion and shrinkage values also change with time. Thermal strain
also changes due to variations in concrete temperature.
Equation 11-1 was applied at each tower in the longitudinal and transverse
directions at three different ages (3, 56, and 260 days). Tables 11-9 to 11-18 summarize the
model input and output data determined at Towers 1, 2, 3, 5, and 6, respectively. The
sensors at Tower 4 were damaged during concrete placement operations. Figures 11-18 to
11-22 show the variations of the K factor with time in the longitudinal and transverse
directions, as well as the average value for the deducted e ‚L(‚¥ œrG at each tower. Figure
11-23 shows the mean variations of the K factor with time in the longitudinal and transverse
directions as well as the average value for the e ‚L(‚¥ œrG determined from the five
remaining sensor tower locations.
The results show that following Method 1 resulted in the same conclusion at the
five sensor towers; that the values of K1 to K4 were not similar and did not yield values
between 0 and 1. Therefore, the assumption that the concrete having no strain (autogenous
shrinkage) at the time of demolding was wrong. Method 2 was then followed to compute
KL, KT, and the average value of e ‚L(‚¥ œrG . Values of KL and KT were close. The K values
increased with concrete age with values around 0.7, 0.9, and 0.98 after 3, 56, and 260 days,
respectively. The concrete shrinkage during the first 30-36 hours was estimated to be 74
micro-strain.
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Table 11-9: Model inputs for Tower 1.

Measured
properties

Field
Results
(DAS)
Simulation
Results
(FEM)

Tower 1
Elastic Modulus (GPa)
Drying Shrinkage (micro-strain)
CTE (micro-strain/°C)
Long. Top Strain (micro-strain)
Long. Bottom Strain (micro-strain)
Trans. Top Strain (micro-strain)
Trans. Bottom Strain (micro-strain)
D Temp (°C)
Long. Top Strain (micro-strain)
Long. Bottom Strain (micro-strain)
Trans. Top Strain (micro-strain)
Trans. Bottom Strain (micro-strain)

3 days
25.5
125
1050
260
870
420
-25
1600
450
1460
750

56 days 260 days
26.6
28.3
-185
-320
0.98 × 10−5
1150
1090
420
400
900
1000
435
535
-35
-45
1790
1815
980
1115
1540
1725
1010
1250

Table 11-10: Model outputs for Tower 1.
e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 ≠ 𝟎
Assuming e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 = 𝟎
K1
K2
K1
K2
Longitudinal
Transverse
Tower 1
Long. Long. Trans. Trans.
KL e ‚L(‚¥ œrG KT e ‚L(‚¥ œrG
Top Bottom Top Bottom
3 days
0.73
0.86
0.68
0.73
0.69
75
0.63
70
56 days 0.94
0.975
0.83
0.87
0.90
72
0.88
84
260 days 1.03* 1.05* 1.03* 1.04* 0.985
71
0.98
81

Figure 11-18: Values of K factor at Tower 1.
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Measured
properties

Field
Results
(DAS)
Simulation
Results
(FEM)

Table 11-11: Model inputs for Tower 2.
Tower 2
3 days 56 days 260 days
Elastic Modulus (GPa)
25.5
26.6
28.3
Drying Shrinkage (micro-strain)
125
-185
-320
0.98 × 10−5
CTE (micro-strain/°C)
Long. Top Strain (micro-strain)
350
400
610
Long. Bottom Strain (micro-strain)
170
200
220
Trans. Top Strain (micro-strain)
150
190
290
Trans. Bottom Strain (micro-strain)
120
150
200
-25
-35
-45
D Temp (°C)
Long. Top Strain (micro-strain)
570
956
1340
Long. Bottom Strain (micro-strain)
315
733
940
Trans. Top Strain (micro-strain)
286
722
1010
Trans. Bottom Strain (micro-strain)
243
678
917

Table 11-12: Model outputs for Tower 2.
e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 ≠ 𝟎
Assuming e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 = 𝟎
K1
K2
K1
K2
Longitudinal
Transverse
Tower 2
Long. Long. Trans. Trans.
KL e ‚L(‚¥ œrG KT e ‚L(‚¥ œrG
Top Bottom Top Bottom
3 days
0.83
0.94
0.96
0.44
0.71
72.65
0.70
75.47
1.00
1.00
1.01
0.90
77.60
0.91
68.64
56 days 0.98
260 days 1.03
1.05
1.05
1.06
0.98
73.50
0.97
82.58

Figure 11-19: Values of K factor at Tower 2.
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Measured
properties

Field Results
(DAS)
Simulation
Results
(FEM)

Table 11-13: Model inputs for Tower 3.
Tower 3
3 days 56 days 260 days
Elastic Modulus (GPa)
25.5
26.6
28.3
Drying Shrinkage (micro-strain)
125
-185
-320
0.98 × 10−5
CTE (micro-strain/°C)
Long. Top Strain (micro-strain)
2000
2250
2350
Long. Bottom Strain (micro-strain)
1100
1200
1220
Trans. Top Strain (micro-strain)
400
550
700
Trans. Bottom Strain (micro-strain)
50
55
85
-25
-35
-45
D Temp (°C)
Long. Top Strain (micro-strain)
2930
3011
3132
Long. Bottom Strain (micro-strain)
1640
1844
1965
Trans. Top Strain (micro-strain)
642
1122
1431
Trans. Bottom Strain (micro-strain)
143
572
800

Table 11-14: Model outputs for Tower 3.
e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 ≠ 𝟎
Assuming e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 = 𝟎
K1
K2
K1
K2
Longitudinal
Transverse
Tower 3
Long. Long. Trans. Trans.
KL
e ‚L(‚¥ œrG KT e ‚L(‚¥ œrG
Top Bottom Top Bottom
3 days
0.73
0.75
0.82
0.60
0.70
80.81
0.70
74.70
0.92
0.94
0.97
1.03
0.90
75.87
0.90
75.20
56 days
260 days 1.00
1.01
1.03
1.07
0.97
87.30
0.97
75.29

Figure 11-20: Values of K factor at Tower 3.
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Table 11-15: Model inputs for Tower 5.
Tower 5
Measured
properties

Field Results
(DAS)
Simulation
Results
(FEM)

Tower 5
3 days
56 days
260 days

Elastic Modulus (GPa)
Drying Shrinkage (micro-strain)
CTE (micro-strain/°C)
Long. Top Strain (micro-strain)
Long. Bottom Strain (micro-strain)
Trans. Top Strain (micro-strain)
Trans. Bottom Strain (micro-strain)
D Temp (°C)
Long. Top Strain (micro-strain)
Long. Bottom Strain (micro-strain)
Trans. Top Strain (micro-strain)
Trans. Bottom Strain (micro-strain)

3 days
25.5
125
1050
300
1200
700
-25
1575
505
1790
1080

56
260 days
days
26.6
28.3
-185
-320
0.98 × 10−5
1150
1350
500
600
1300
1450
800
1000
-35
-45
1790
2100
1070
1330
1965
2190
1410
1730

Table 11-16: Model outputs for Tower 5.
e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 ≠ 𝟎
Assuming e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 = 𝟎
K1
K2
K1
K2
Longitudinal
Transverse
Long. Long. Trans. Trans.
KL e ‚L(‚¥ œrG KT e ‚L(‚¥ œrG
Top Bottom Top Bottom
0.75
0.84
0.74
0.73
0.70
71.03
0.70
64.44
0.94
0.97
0.93
0.95
0.90
69.03
0.90
64.73
1.01
1.03
1.01
1.02
0.97
74.55
0.98
77.61

Figure 11-21: Values of K factor at Tower 5.
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Table 11-17: Model inputs for Tower 6.
Tower 3
Measured
properties

Field Results
(DAS)
Simulation
Results
(FEM)

Tower 6
3 days
56 days
260 days

Elastic Modulus (GPa)
Drying Shrinkage (micro-strain)
CTE (micro-strain/°C)
Long. Top Strain (micro-strain)
Long. Bottom Strain (micro-strain)
Trans. Top Strain (micro-strain)
Trans. Bottom Strain (micro-strain)
D Temp (°C)
Long. Top Strain (micro-strain)
Long. Bottom Strain (micro-strain)
Trans. Top Strain (micro-strain)
Trans. Bottom Strain (micro-strain)

3 days
25.5
125
1100
800
490
100
-25
1640
1210
775
215

56
260 days
days
26.6
28.3
-185
-320
0.98 × 10−5
1150
1250
850
950
500
520
150
300
-35
-45
1790
1985
1460
1680
1060
1245
670
1020

Table 11-18: Model outputs for Tower 6.
e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 ≠ 𝟎
Assuming e 𝟑𝟎(𝟑𝟔 𝒉𝒓𝒔 = 𝟎
K1
K2
K1
K2
Longitudinal
Transverse
Long. Long. Trans. Trans.
KL e ‚L(‚¥ œrG KT e ‚L(‚¥ œrG
Top Bottom Top Bottom
0.75
0.76
0.79
0.59
0.70
80.81
0.70
75.27
0.94
0.95
0.98
1.02
0.91
57.73
0.90
83.72
1.02
1.02
1.04
1.05
0.98
67.54
0.98
72.67

Figure 11-22: Values of K factor at Tower 6.
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Figure 11-23: Values of K factor using all towers data.

11.10 FIELD INSPECTION
A field inspection was carried out after approximately 18 months of the bridge
construction. No signs of cracking were observed except for hairline cracks that appeared
in the bridge deck around the intermediate bent where the six sensor towers were located.
The cracks were within the area where the girders’ continuity stops, and the maximum
tensile strengths took place, as illustrated from the FEMs discussed earlier. The cracks were
noticed to be within 6 m to the East and West sides of the central diaphragm. The strain
gauges did not show any sudden drop in concrete strain, which reflects that the depth of
the cracking was limited.
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11.11 REMARKS
Based on the results presented in this section, the following conclusions can be
drawn:
1. The proposed FRC was successfully used for casting of the bridge deck, near
Taos, Missouri. The concrete exhibited high workability and was easily
pumped into place, consolidated, and finished.
2. The proven FR-SWC intended for the construction of bridge substructure
elements with a targeted slump flow of 500 mm was modified for the casting
of the bridge deck by reducing the dosage rate of the HRWRA to limit the
slump value to 200 ± 50 mm for the construction of the bridge deck. This was
necessary to hold the crown slope of the bridge deck in the transverse direction
(2%).
3. A mock-up slab measuring 3 ´ 3 m was prepared with tight reinforcing bars
and 2% slope in the transverse direction. The results indicated the necessity to
lower the concrete slump to prevent any settlement over the crown and control
the concrete temperature to enhance placement and finishing.
4. Concrete sampled at the end of the pump line on the jobsite that took place in
late July 2017 had slump values of 150-250 mm and air content of 5.5% to 7%.
Ice was added for the last 26 of the 40 truck deliveries needed to complete the
job to reduce the concrete temperature from 37 to 29 oC.
5. Concrete was sampled from three different trucks to evaluate mechanical
properties and shrinkage. The mean compressive strengths at 28 and 56 days
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were 45 and 54 MPa, respectively. The mean splitting tensile strengths at 28
and 56 days were 6.5 and 7 MPa, respectively. The mean 56-day flexural
strength was 5.8 MPa. The mean elastic modulus values at 3 and 56 days were
25 and 26 MPa.
6.

The concrete exhibited an initial expansion of 125 micro-strain after 7 days of
age, corresponding to the end of moist curing. The concrete had shrinkage
thereafter. The concrete designed with relatively low w/cm and an expansive
agent had a relatively low shrinkage values of 185 and 320 micro-strain after
56 and 260 days, respectively, of drying.

7. A comprehensive program involving 108 sensors was undertaken to evaluate
in-situ properties of the concrete, including temperature, relative humidity, and
strain. Six sensor towers were installed within 6 m to the East and to the West
sides of the intermediate bent. High tensile strain of up to 2,100 micro-strain
were obtained at the intersection of the intermediate bent with one of the precast concrete girders.
8. Two 3D finite element models were developed using SAP2000 and MIDAS to
estimate structural strain in the concrete deck due to the bridge’s own weight.
Unlike SAP2000, MIDAS allows computing an average stress on the entire
slab section instead of computing the top and bottom stress values that can be
attained with the former model. The results from both models showed that the
area under consideration near the intermediate bent, where the six towers are
located, is under tension in the longitudinal and transverse directions.
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9. A strain model was proposed to evaluate the strain data collected from the
embedded sensors. The model was used to evaluate strains and estimate values
of the concrete shrinkage during the first 30-36 hours, corresponding to the
time of demolding of the shrinkage samples. Load distribution factor, which is
the ratio between the portion of the load carried out by the concrete slab to the
total load carried out by the slab and the stay-in-place corrugated sheet
formwork material as well as the precast girders, was also estimated from the
model. Findings indicated that the load distribution factor increased with
concrete age to reach 0.98 at 260 days. The average concrete shrinkage during
the first 30-36 hours was estimated to be 75 micro-strain.
10. A field inspection was carried out shortly before the preparation of this report
after approximately 18 months of the casting of the bridge deck. No signs of
cracking were observed in the deck except for hairline cracks that appeared
near the intermediate bent where the six sensor towers were located. The
cracks were within girders’ continuity stops where maximum tensile strengths
were expected, and verified from the two finite element models.
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12 SUMMARY AND CONCLUSIONS
The objective of this study is to design and optimize FR-SCC and FR-SWC made
with different types and dosages of EA to be used for repair and construction applications,
respectively, and to study the performance of the optimized mixtures. The effect of fiber
type and volume on workability, rheological properties, mechanical properties, durability,
shrinkage behavior and cracking potential of FR-SCC and FR-SWC was evaluated. The
structural performance of steel-reinforced beams that was repaired using SCC and the
optimized FR-SCC mixtures was investigated. Monolithic beams made with SCC, FRSCC, SWC, FR-SWC were tested for flexural to evaluate the flexural capacity, toughness,
and cracking resistance and to be compared to CVC and FR-CVC beams. Monolithic
beams built using different steel-reinforcing-bar densities were cast using SWC and two
optimized FR-SWC mixtures with two different fibers to estimate the savings that can be
achieved in reinforcement steel bars when using FR-SWC compared to non-fibrous SWC.
The optimized FR-SWC was implemented in the field to cast a bridge deck. The in-situ
performance was monitored over 260 days. This study was based on w/c system of 0.42
and by changing the w/c the results will be affected, However, the trends and the
enhancement in mechanical properties and cracking resistance due to the syngenetic effect
of fibers and EA will still be existing. Based on the obtained data, the following conclusions
are drawn.
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12.1 PERFORMANCE BASED DESIGN OF FIBER-REINFORCED CONCRETE
WITH ADOPTED RHEOLOGY MADE WITH EXPANSIVE AGENTS
A comprehensive study was carried out for the optimized FR-SCC and FR-SWC
mixtures to investigate the effect of fiber and/or EA type and dosage on key factors
affecting key fresh and hardened concrete properties. Based on the test results reported
herein, the following conclusions can be warranted:
1. The 24 investigated FR-SCC and FR-SWC mixtures had acceptable passing ability
(D/a) varying between 12.1 and 14.7. The binder composition did not have a
significant effect on the passing ability.
2. The use of the Type-K EA led to high degree of workability loss with time compared
to the reference mixture made without any expansive agent or with Type-G EA,
where the FR-SCC mixture without any EA lost 22% of the slump flow in 60
minutes. That loss was 8% in the case of the FR-SCC mixture with 4% Type-G EA
compared to 50% in the case of 8% Type-K EA.
3. The optimized total binder content for the FR-SWC mixture was 380 kg/m3 binders,
which consisted of 30% Class C FA and 4% Type-G EA, by mass. The binder
composition of the optimized FR-SCC was same as FR-SWC; however, the total
binder content was 475 kg/m3.
4. The mixtures made with fibers exhibited increase in splitting tensile strength by 40%
± 3% in the case of FR-SCC and 60% ± 4% in the case of FR-SWC. However, the
use of EA alone did not have a significant effect on the splitting tensile strength.
Neither fibers nor EA had a significant effect on the elastic modulus.
5. Mixtures made with Type-G EA developed 95% of the expansion in the first three
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days of moist curing; the expansion rate for the last four days of most curing was
limited thereafter. Mixtures made with Type-K EA had constant rate of expansion
over seven days of moist curing.
6. The use of fibers only, in the absence of EA, decreased shrinkage by 20% ± 4% in
the case of FR-SCC and by 10% ± 2% in the case of FR-SWC. The addition of 4%
Type-G EA without any fibers decreased the total shrinkage by about 50% ± 6%
for both concrete types. The use of fibers decreased expansion and shrinkage for
mixtures made with EA leading to the highest decrease in total shrinkage (up to
60% ± 4% depending on the type of EA and the type of concrete).
7. The use of EA without any fibers increased tcr from 12.5 to 20 days. The FR-SCC
mixture without any EA had a tcr of 17 days. The combined effect of fibers and EA
had the highest increase in restrained shrinkage resistance with tcr of 36.5 days. A
direct relationship between time to crack and crack width was observed.
8. Non fibrous mixtures had a first crack width between 125 and 170 µm. These
mixtures exhibited a sudden enlargement of the first crack that reached a value
between 480 and 520 mm at 50 days. On the other hand, the first crack width of the
fibrous mixtures, that varied between 80 and 135 µm, remained constant up to the
end of test (50 days).
9. The use of EA decreased the Cr of SCC by 10% and significantly decreased of total
shrinkage by 50% ± 6% resulting in increasing tcr from 12.5 to 20 days.
10. The use of fibers significantly increased the splitting tensile strength of SCC by
40% ± 3% and Cr by 12.5% leading to a positive net effect on restrained shrinkage
resistance, where tcr increased from 12.5 to 36.5 days.
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11. Combining the EA with fibers provided FR-SCC with a significant enhancement in
the three factors (45% ± 4% higher tensile strength, 7.5% higher Cr, and 60% ± 4%
lower total shrinkage) leading to lower cracking potential, where tcr increased from
12.5 to 36.5 days.

12.2 EFFECT OF FIBER CHARACTERISTICS ON FRESH PROPERTIES OF
FIBER-REINFORCED CONCRETE WITH ADAPTED RHEOLOGY
The influence of fiber type and volume on the workability and rheological
properties of FR-SCC and FR-SWC targeted for infrastructure construction and repair,
respectively, was investigated. The fibers included propylene synthetic fibers, hooked steel
fibers of two separate lengths, double and triple hooked steel fibers, hybrid fiber containing
crimped steel fiber and polypropylene multifilament fiber, as well as micro-macro steel
fibers. All seven fiber types were investigated for the FR-SWC compared to four fiber
types for the FR-SCC. Fiber volume was fixed at 0.5% for the FR-SCC mixtures and varied
between 0.5% and 0.75% for the FR-SWC. Type-G expansive agent was consistently
incorporated at medium dosage to reduce shrinkage. The mixtures were tested to evaluate
deformability, passing ability, and stability, and a ConTec 5 rheometer was used to measure
rheological properties.
The investigated FR-SCC and FR-SWC mixtures had initial slump flow of 660 to
700 mm and 505 to 570 mm, respectively, and exhibited excellent passing ability and
stability. The increase in fiber factor resulted in greater high-range water reducing
admixture demand and passing ability. Mixtures with passing ability index, evaluated using
the modified J-Ring test, greater than or equal to 12 and 11 for the FR-SCC and FR-SWC

265
mixtures, respectively, exhibited good flowability without blockage or any signs of
segregation. The passing ability index was inversely proportional to plastic viscosity for
mixtures of a given coarse aggregate content and maximum size. All of the fibrous mixtures
were stable with maximum surface settlement of 0.5% and rate of settlement at 30 min. of
0.20%/h for the FR-SCC mixtures; these values were 0.33% and 0.22%/h for the FR-SWC
mixtures. Good relationships between slump flow and yield stress and T50 and plastic
viscosity were established for the fibrous mixtures.

12.3 EFFECT OF FIBER CHARACTERISTICS ON HARDENED PROPERTIES
OF FIBER-REINFORCED CONCRETE WITH ADAPTED RHEOLOGY
A comprehensive study was carried out for the FR-SCC and FR-SWC mixtures to
investigate the effect of fiber type and volume on key mechanical properties and durability.
Based on the test results reported herein, the following conclusions can be warranted:
7. The FR-SCC mixtures made with 0.5% Vf combined with EA exhibited an increase
in the 56-day compressive strength by up to 30% ± 5% depending on the fiber type,
where the STST was the best. The FR-SWC mixtures made with 5D fiber was the
best and recorded an increase in the 56-day compressive strength by up to 13% ±
2% and 20% ± 3% compared to non-fibrous SWC for fiber volumes 0.5% and
0.75%, respectively.
8. The FR-SCC mixtures incorporated with different fiber types combined with EA
exhibited an increase in the 56-day splitting tensile strength by up to 70% ± 4%
depending on fiber type, where the STST was the best. The FR-SWC mixtures
exhibited a significant increase in the 56-day splitting tensile strength with the
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incorporation of the fibers combined with EA by up to 110% ± 3% depending on
the fiber type and volume.
9. The toughness of the FR-SCC and FR-SWC mixtures increased by up to 23 and 30
times, respectively, when fiber was added with EA.
10. The incorporation of EA with 5D fiber to the FR-SWC mixtures at Vf of 0.5% and
0.75% to FR-SWC increased the residual stress at 3.5-mm crack width to 6.9 ± 0.6
and 5 ± 0.4 MPa, respectively, which is equivalent to 67% ± 10% and 70% ± 15%
of the peak load, respectively.
11. All investigated mixtures exhibited excellent freeze-thaw resistance with durability
factors ranging from 82% to 98%. Considerable enhancement was observed for FRSCC mixtures made with ST1 and STST fibers combined with EA, where the
increase in the durability factor was about 10% ± 2% for both mixtures compared
to non-fibrous SCC mixture. Unlike FR-SCC, FR-SWC mixtures exhibit a decrease
in the durability factor by 1% to 15% ± 2% depending on the fiber type and dosage,
however all the FR-SWC mixtures exhibited excellent freeze/thaw durability with
durability factor > 80%.
12. The FR-SCC mixture made with 0.5% STST fiber with EA showed the highest
overall performance. The FR-SWC mixture made with 0.75% 5D fibers showed the
highest overall performance compared to all SWC and FR-SWC mixtures. The FRSWC mixture made with 0.5% 5D or STST fibers showed similar overall
performance and was the highest compared to the FR-SWC mixtures made with
0.5% Vf.
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12.4 EFFECT OF FIBER CHARACTERISTICS ON SHRINKAGE BEHAVIOR
AND CRACKING POTENTIAL OF FIBER-REINFORCED CONCRETE
WITH ADAPTED RHEOLOGY
The combined effect of EA and fibers type and dosage on the shrinkage and cracking
resistance of FR-SCC and FR-SWC targeted for infrastructure construction and repair,
respectively, was investigated. The same mixtures mentioned previously to evaluate
workability and mechanical properties were used in this section to evaluate shrinkage
behavior and restrained cracking resistance.
All SCC and FR-SCC mixtures exhibited maximum expansion on the seventh day of
moist curing with values ranging from 220 to 290, however around 90% of the expansion
was developed on the third day. The mixture 0.5STST-SCC-4G exhibited the lowest
shrinkage that was 33% of the reference SCC mixture (SCC-0EA). All SWC and FR-SWC
mixtures exhibited maximum expansion on the seventh day of moist curing with values
ranging from 175 to 240, however 95% of the expansion was developed on the third day.
The mixtures 0.75STST-SWC-4G and 0.75-5D-SWC-4G exhibited the lowest shrinkage
that was 35% of the reference SWC mixture (SWC-0EA). Rings made with non-fibrous
SCC without and any EA cracked after 12.5 days. Rings made with SCC-4G mixtures
cracked after 15.5 days when cured for 1 day. Increasing curing time to 7 days increased
tcr to 20 days. FR-SCC Rings made with EA combined with ST1 and STST fibers, cracked
after 17 and 40.5 days, respectively, when the rings were cured for one day. Increasing
time of curing to 7 days increased cracking resistance, where 0.5ST1-SCC-4G mixture
cracked after 36.5 days and 0.5ST1-SCC-4G never cracked.
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12.5 EFFECT OF FIBER CHARACTERISTICS ON THE STRUCTURAL
PERFORMANCE OF FIBER-REINFORCED SELF-CONSOLIDATING
CONCRETE AS A REPAIR MATERIAL
This part of the study aimed at evaluating the influence of different types of fibers
on the flexural response of full-scale beams made with FR-CVC, FR-SCC, and FR-SWC
mixtures targeted for the use in repair applications. The validation of structural
performance was carried out on the full-scale beam elements using four-point bending test.
The parameters taken into account in this part of the study were:
- Fiber type: one hybrid, and two steel fiber types;
- Fiber volume: 0 and 0.5%
- Expansive agent: 0%, 4% G-Type
In total, 10 repaired beams measuring 300 × 200 × 2400 mm (b×h×L) were
prepared.
Repair of CVC beams using FR-SCC increased the flexural capacity of the beam
by 6% and the toughness by 110% in case of using 0.5% ST1 fibers with 4% Type-G EA,
while repair of the beams using FR-SCC made with 0.5% ST1 fibers without EA restored
90% of the original CVC beam capacity and increased toughness by 22%. Repair of CVC
beams using plain SCC restored 88% of the original CVC beam capacity and increased
toughness by 21%. In case of FR-SCC made with 0.5% STST fibers the restored strength
was 97%, while the toughness increased by 110% vs. 94% restored peak load and 80%
increase in toughness in case of the repair material was FR-SCC made with 0.5% STPL
fibers.
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12.6 EFFECT OF FIBER CHARACTERISTICS ON THE STRUCTURAL
PERFORMANCE OF FIBER-REINFORCED SUPER-WORKABLE AND
FIBER-REINFORCED SELF-CONSOLIDATING CONCRETE AS A
CONSTRUCTION MATERIAL
This part of the study evaluates the influence of different types and dosages of fibers
on the flexural response of beams cast using SCC, FR-SCC, SWC, FR-SWC, CVC, and
FR-CVC mixtures targeted for the use in construction application. The parameters taken
into account in this part of the study were:
- Fiber type: one synthetic, one hybrid, and three steel fiber types;
- Fiber volume: 0, 0.5% and 0.75%
- Expansive agent: 0%, 4% G-Type
In total, 30 monolithic beams measuring 300 × 200 × 2400 mm (b×h×L) were
prepared.
Incorporation of fibers with 4% Type-G EA to SCC increased toughness of fullscale concrete reinforced beams by 90% and 110% in case of ST1 fibers and STST fibers,
respectively. Incorporation of ST1, STST, and 5D fibers with 4% Type-G EA in FR-SWC
full scale beams increased flexural strength by 14%, 18% and 19%, respectively.
Incorporation of fibers with 4% Type-G EA to FR-SCC full scale beams increased
toughness by 95% in case of STST fibers. In case of FR-SWC full scale beams 0.5% fiber
volume for 5D macro steel fibers was better than 0.75% in terms of toughness and peak
load. Fibers acted as an additional reinforcement for concrete in addition to the existing
steel bars, where the fibers delayed yielding of steel bars compared to the case of nonfibrous concrete.
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12.7 EFFECT OF FIBERS ON THE FLEXURAL STEEL-REINFORCEMENT
DEMAND OF FIBER-REINFORCED SUPER-WORKABLE CONCRETE
BEAMS
The effect of fiber type on the flexural strength, flexural toughness, and cracking
resistance of FR-SWC was evaluated and compared to non-fibrous SWC beams. Thirteen
steel-reinforced beams were cast using SWC and two different FR-SWC. First FR-SWC
was made with 0.5% fiber volume of STST fibers. Second FR-SWC was made using 0.5%
fiber volume of 5D fibers. Five different bottom rebar densities were included in this study
ranging between 1665 and 3410 cm2. A loading system with hydraulic jacks and a load cell
of 2225 kN (maximum capacity) closed-loop MTS actuator was used to test beams under
four-point bending.
Savings greater than 25% and 6% of steel rebars can be achieved in the case of
fiber-reinforced concrete flexural beams made with 5D and STST fibers, respectively,
where the design is governed by ultimate load criteria.

Savings greater than 40% and

16% of steel rebars can be achieved in the case of fiber-reinforced concrete flexural beams
made with 5D and STST fibers, respectively, where the design is governed by allowable
deflection of L/200 criteria, such as shallow beams. Savings greater than 50% of steel
rebars can be achieved in the case of fiber-reinforced concrete flexural beams where the
design is governed by the crack width criteria, such as in marine environment beams.
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12.8 FIELD IMPLEMENTATION AND LIFE CYCLE-COST ANALYSIS OF
FIBER-REINFORCED CONCRETE IN BRIDGE DECKS
This section presents the results of a field implementation involving the use of highperformance concrete with adopted rheology used for re-decking of a bridge near Taos,
Missouri. The two-span girder type bridge consists of four girders with span lengths
measuring approximately 38.4 m and 35.05 m in length. The width of the bridge was 9 m.
The end bents and intermediate bent axes were skewed at 15 degrees to the axes of the
girders. The FRC was developed as a part of a comprehensive research project undertaken
to develop fiber-reinforced self-consolidating concrete (FR-SCC) for repair applications
and fiber-reinforced super-workable concrete (FR-SWC) for infrastructure construction. A
FR-SWC made with 0.5% micro-macro steel fibers and 5% CaO-based expansive agent
(EA) that can develop high tensile strength, low shrinkage, and high resistance to cracking
was initially selected. Although the concrete was intended for construction of bridge
substructure elements, a decision was made to use it for the new deck slab work given the
anticipated high tensile stresses in the bridge deck at the intermediate bent and the
relatively high concentration of steel reinforcement necessitating the use of a highly
flowable fibrous mixture. This was necessary to hold the crown slope of the bridge deck in
the transverse direction (2%).
The proposed FRC was successfully used for casting of the new bridge deck. The
concrete exhibited high workability and was easily pumped into place, consolidated, and
finished. Concrete was sampled from three different trucks to evaluate mechanical
properties and shrinkage. The mean compressive strengths at 28 and 56 days were 45 and
55 MPa, respectively. The mean splitting tensile strengths at 28 and 56 days were 6.5 and
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7 MPa, respectively. The mean 56-day flexural strength was 845 psi. The mean elastic
modulus values at 3 and 56 days were 25 and 27 MPa. The concrete exhibited an initial
expansion of 125 micro-strain after 7 days of age, corresponding to the end of moist curing.
The concrete had shrinkage thereafter. The concrete designed with relatively low w/cm and
an expansive agent had a relatively low shrinkage values of 185 and 320 micro-strain after
56 and 260 days, respectively, of drying. A comprehensive program involving 108 sensors
was undertaken to evaluate in-situ properties of the concrete, including temperature,
relative humidity, and strain. Six sensor towers were installed within 5.5 m to the East and
to the West sides of the intermediate bent. High tensile strain of up to 2,100 micro-strain
were obtained at the intersection of the intermediate bent with one of the pre-cast concrete
girders. Two 3D finite element models were developed using SAP2000 and MIDAS to
estimate structural strain in the concrete deck due to the bridge’s own weight. Unlike
SAP2000, MIDAS allows computing an average stress on the entire slab section instead of
computing the top and bottom stress values that can be attained with the former model. The
results from both models showed that the area under consideration near the intermediate
bent, where the six towers are located, is under tension in the longitudinal and transverse
directions. A strain model was proposed to evaluate the strain data collected from the
embedded sensors. The model was used to evaluate strains and estimate values of the
concrete shrinkage during the first 30-36 hours, corresponding to the time of demolding of
the shrinkage samples. Load distribution factor, which is the ratio between the portion of
the load carried out by the concrete slab to the total load carried out by the slab and the
stay-in-place corrugated sheet formwork material as well as the precast girders, was also
estimated from the model. Findings indicated that the load distribution factor increased
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with concrete age to reach 0.98 at 260 days. The average concrete shrinkage during the
first 30-36 hours was estimated to be 75 micro-strain. A field inspection was carried out
after approximately 18 months of the casting of the bridge deck. No signs of cracking were
observed in the deck except for hairline cracks that appeared near the intermediate bent
where the six sensor towers were located. The cracks were within girders’ continuity stops
where maximum tensile strengths were expected, and verified from the two finite element
models.

12.9 FUTURE RESEARCH
Based on the results obtained during this research, the following topics are
recommended for future research:
1. Given the variable nature of FRC that is affected mainly by fiber depression and
orientation in the structural element. It is necessary to develop comprehensive
databases to investigate the effect of fiber depression and orientation in thin repair
sections on the performance of such section. That research can be carried out
experimentally and also by using computational fluid dynamics.
2. Using the same method of casting FRC samples in lab might not grantee having the
fibers aligned in one direction, which necessitates measuring the fiber orientation
in such samples before testing for mechanical properties and relating the properties
to global fiber alignment. Measuring electrical resistance in three directions for
steel-FRC specimens can be related to the global fiber alignment in such sample.
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3. Steel-reinforced concrete beams made with FRC is capable of exhibiting more
toughness, flexural and shear strength, less deflection and crack width. It is
necessary to study the feasibility of not only reducing flexural and steel
reinforcement while using FRC, but also reducing the concrete section dimensions.
4. The combined effect of EA and fibers increase the net-time-to-crack and reduce
crack width, which will affect the long-term durability of the structure made with
such concrete. It will be useful to study such effect on the corrosion resistance and
service life on such structural elements made with FRC and containing EA.
5. Ring test helps identifying net-time-to-crack due to restrained shrinkage; however,
this test does not accurately capture the expansion strain in case of the use of EA.
The use of concrete strain gauges attached to the outer surface of the concrete rings
can help recording the expansion at the early age when concrete is made with EA.
6. Curing time had a significant effect on increasing net-time-to-crack due to
restrained shrinkage, 1 and 7 days of curing were included in the current study,
however reproducing optimized mixtures to be tested under 3 days of curing
condition can help optimizing curing period.
7. The use of Type-K EA with w/c ratio of < 0.5 can result in a sharp loss of fluidity
within 30 minutes, however the effect of the use of. Type-K EA on hardened
properties still significant. It will be useful to reproduce optimized mixtures in this
study with Type-K EA instead of Type-G but with the presence of citric acid as a
set retarder that can help in decreasing slump retention.
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